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EFFECTS OF LITTER AND WOODY DEBRIS QUALITY ON 
DECOMPOSITION AND NUTRIENT RELEASE IN EXOTIC FORESTS IN 
NEW ZEALAND 
Ganjegunte Keshavamurthy Girisha 
Short rotation plantation forestry based on exotic tree species (principally radiata pine 
(Pinus radiata)) is a major land use in New Zealand (1.7 million ha, 7% of total land area). 
The maintenance of primary production in such a plantation forest ecosystem depends upon 
a number of factors including replenishment of available nutrients removal in harvested 
biomass. Litterfall is a major pathway of nutrient return to the forest floor. In addition, 
understorey biomass and woody debris from thinning and pruning also contribute to 
nutrient and organic matter cycling in a managed forest. Needle litter, understorey litter and 
woody debris undergo decomposition to release nutrients and thereby maintain the integrity 
of the forest ecosystem. Substrate quality is an important factor that regulates the 
decomposition of litter and woody debris materials. Decomposition and associated nutrient 
release from selected above ground litter and woody debris components from radiata pine 
forests were investigated using a combination of controlled environment (microcosm) and 
field experiments. The principle objective of the study was to determine the influence of 
litkr and woody debris quality on decomposition and associated nutrient release. 
The impact of green needle litter on senescent needle litter decomposition and nutrient 
turnover in the forest floor was investigated under controlled conditions (microcosm) and in 
the field. The results obtained indicated that green needle addition did not significantly 
affect organic matter and nutrient turnover. However, addition of green needles did affect 
short-term nutrient availability. Green needles lost 69,87,75,72, and 79 % of the original 
nitrogen, phosphorus, calcium, magnesium, and potassium, respectively after 10 months, 
while the corresponding data for senescent needles was 22, 71,31,4, and 38 %, 
respectively. 
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The effect of selected understorey litters on decomposition and nutrient release from 
senescent pine needles was investigated in a microcosm experiment. After 10 months the 
weight loss of senescent pine needles (64%) was significantly greater than bracken 
(Pteridium aquilinum-26%), gorse (Ulex europaeus-30%), broom (Cytisus scoparius-30%) 
and lotus (Lotus pedunculatus-40%) litter. Net release of all nutrients (nitrogen, 
phosphorus, calcium, magnesium and potassium) occurred from decomposing senescent 
pine needles, although net immobilization of potassium was observed for all understorey 
litters. Mixing pine and understorey litter significantly influenced decomposition rate and 
associated nutrient release. Pine needles mixed with understorey litter decomposed slower 
than needles alone, but mixed understorey litter (except bracken) decomposed faster than 
understorey alone. Nutrient availability (especially magnesium and potassium) was found 
to be as important as energy availability in determining the overall rate of decomposition. 
A laboratory study on the biodegradability of dissolved organic carbon from radiata pine 
litter indicated that this was influenced by its quality as determined by the stage of 
decomposition. The aqueous extract of the litter (L) layer decomposed faster (38%) than 
that of the fermentedlhumus (FH) layer (15%) during 3 months of incubation. The 
inhibitory effects of polyphenols on the biodegradability of dissolved organic carbon was 
confirmed in this study. The l3C NMR technique was used to describe the DOC 
degradation. The NMR results complemented the results obtained through the proximate 
analyses and it gave better insights in to the pathways of Land FH DOC breakdown. 
A chronosequence study of woody debris decomposition over 13 years showed that the 
overall half- life was 14 years and decomposition of different components was clearly 
related to quality. Thus, log wood contained greater concentrations of carbohydrates 
(soluble and holocelluose) and decomposed faster than log bark and side branches. l3C 
NMR technique was used to study the decomposition of wood, bark and sidebranches over 
13 years. The NMR spectra confirmed the results obtained through proximate analysis and 
proved to be an useful technique in understanding the process of litter decomposition. The 
slower decomposition rate of log bark was attributed to the higher polyphenol 
concentration, while higher lignin concentration and an unfavorable microclimate were the 
main reasons for slow decomposition of side branches. The mass and volume of woody 
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debris was much lower than that of natural conifer forests due to the young age of woody 
debris (thinning slash) and net mineralization of nutrients from the decomposing woody 
debris was apparent during decomposition. Even after 13 years, woody debris contained 
considerable amounts of carbon (5.5 t ha-1) and nutrients (41, 2,41,8,3 kg ha-1 of nitrogen, 
phosphorus, calcium, magnesium and potassium, respectively). Therefore, management of 
woody debris (thinning residues) may be important for the long-tenn sustainability of forest 
soils. 
Keywords: Pinus radiata, litter quality, understorey, green needles, senescent needles, 
decomposition, leaching, microcosm, chronosequence, coarse woody debris, 
dissolved organic carbon, nutrients, soluble carbohydrates, polyphenols, 
holocellulose, lignin, l3e NMR. 
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1.1 Rationale 
Chapter 1 
Introduction 
New Zealand has adopted a unique approach to production forestry by separating the role 
of native and exotic forests. Currently 23% of the total land area is covered with indigenous 
forests. This resource is largely unavailable for harvesting due to a combination of location, 
topography and legislative restrictions (including National Parks). The major functions of 
indigenous forests in New Zealand are to maintain and protect biodiversity (flora and 
fauna), whilst they are also used for recreation. 
Most of the wood produced in New Zealand is grown in plantations of exotic trees. These 
currently occupy about 7% of the total land area, while 50% of the remaining land area is 
used for agriculture and horticulture. Extensive establishment of exotic plantation forests in 
New Zealand began in the 1920s and radiata pine (Pinus radiata) is the major species 
planted. It is estimated that approximately 1.7 million hectares of land is currently under 
plantation forestry and this is increasing at an average annual rate of 50,000 hectares, which 
is expected to continue over the next 10 years. Plantation forests are mainly owned 
privately and are not subsidized by the taxpayer. Most of the wood produced from New 
Zealand plantation forests is exported as sawn timber, paper products and logs. The rotation 
length for radiata pine in New Zealand is 20-35 years and in most cases the harvested areas 
are replanted. The fast growth rate of radiata pine together with nutrient removal and soil 
disturbance associated with harvesting means that the key processes which are likely to 
influence the long-term susta:nability of plantation forestry need to be investigated. 
In managed and natural forest ecosystems, litterfall is a major pathway of nutrient and 
energy recycling. In plantation forests, litter and woody debris are added to the forest floor 
from silviculture practices as well as from the natural processes. Thus thinning and pruning 
can add significant quantities of needles and woody debris to the forest floor, while small 
branches and other woody debris as well as root materials are left behind following harvest. 
Needle litter and woody debris can act as long term sources of energy and nutrients. In 
addition, there are a number of understorey species (weeds) such as gorse, bracken, lotus 
and broom which thrive in radiata pine plantations. These plants make up a significant 
proportion of the above ground biomass and eventually reach the forest floor as litter. 
These will undergo decomposition to release energy and nutrients. The rate of 
decomposition of a litter material depends, among other factors, upon its quality as 
determined by its energy and nutritive value. In addition, inhibitory compounds present in 
the litter such as polyphenols also determine the litter quality and affect litter 
decomposition. For the purposes of this study, the quality of litters and woody debris 
materials has been defined by concentrations of selected organic compounds (e.g. soluble 
carbohydrates, polyphenols, holocellulose and lignin) and nutrients (e.g nitrogen, 
phosphorus). In addition, a variety of litter quality indices derived from the concentrations 
of above listed organic compounds and nutrients have been used to predict decomposition 
rates. A better understanding of litter and wood debris quality and its effect on 
decomposition rate will improve our understanding of energy and nutrient dynamics in 
plantation forestry ecosystems, which in tum may be used to improve management 
practices designed to ensure long-term soil productivity. However, only a few studies on 
the effects of litter and woody debris quality on decomposition have been carried out in 
New Zealand forests. The overall aim of the study was to test the hypothesis that under 
similar environmental and biotic conditions, litter and woody debris quality regulates the 
rate of decomposition of forest floor materials and associated nutrient release. 
/1.2 Thesis Structure 
Litter and woody debris in radiata pine forest floor are heterogeneous materials of different 
origin and each of these materials is qualitatively and quantitatively distinct. Accordingly, 
separate chapters of this thesis are devoted to investigating the decomposition rates of 
selected litter and woody debris materials in relation to their respective quality parameters 
(Figure 1.1). 
An overview of published literature on the main processes that influence litter and woody 
debris decomposition in forest ecosystems is presented in Chapter 2. Topics covered 
include reported litter input and decomposition rates (needle, understorey, roots and woody 
debris), factors that regulate decomposition (litter quality, environmental factors and the 
decomposer community), methods of studying decomposition (field and laboratory), 
modelling decomposition processes, the importance of dissolved organic carbon to C 
sequestration in soil and the role of saprotrophic fungi in direct translocation of energy and 
nutrients from decomposing litter to mineral soil. 
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Figure 1.1 Overall thesis structure (Effects of Litter and Woody Debris Quality on Decomposition and 
Nutrient Release in Exotic Forests in New Zealand). 
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Chapter 3 examines the effects of green pine needle addition, a consequence of thinning 
and pruning operations, on decomposition of senescent pine needles and nutrient turnover 
using a combination of microcosm and field studies. A microcosm approach is also used in 
Chapter 4 to examine the role of understorey litter and its interaction with the senescent 
pine needle in carbon and nutrient dynamics. The biodegradation of the forest floor leachate 
(dissolved organic carbon) is investigated in Chapter 5, while the decomposition of coarse 
woody debris (thinning slash) and its long term implications for carbon and nutrient cycling 
is investigated in Chapter 6. Finally, the findings of the individual studies are summarized 
and recommendations for future work are presented in Chapter 7. 
The principle objectives of the study were to: 
• determine the influence of litter and woody debris quality on decomposition and 
associated nutrient release; 
• further our understanding of the role of litter and woody debris in maintaining the 
long-term productivity of soils under radiata pine. 
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Chapter 2 
Literature Review 
2.1 Plantation Forestry in New Zealand 
In New Zealand the area under plantation forestry has increased from 77,000 hectares in 
1921 to 1.7 million hectares in 1998, and the current average annual expansion rate is about 
70,000 hectares. Most of the current expansion is occurring on hill country pastoral land 
and can be attributed to a combination of declining returns from hill country sheep and beef 
farming and improving returns from plantation forestry. More than 90% of the area under 
plantation forestry is radiata pine (Pinus radiata) and the rest is occupied by douglas-fir 
(Pseudotsuga menziesii), eucalypt (Eucalyptus spp.) and macrocarpa (Cupressus 
macrocarpa). In addition to economic reasons, the conversion of pasture land to forestry is 
being advocated for the control of soil erosion and the sequestration of carbon dioxide 
(C02), a major greenhouse gas (Parfitt et al., 1997). 
Fast growth rates associated with exotic forests in New Zealand and relatively high 
amounts of nutrient removed in harvested biomass have led to increased concern for the 
long-term ability of soil to sustain high productivity at reasonable cost (Belton et al., 1995). 
Relatively few studies have been undertaken into the long-term effects of intensive forestry 
on soil fertility and productivity. The nutrient supplying ability of soil is a major 
determinant of the overall health of forest ecosystems. Therefore knowledge of long-term 
effects of forest growth on soil fertility is essential for maintaining the stability of soil 
nutrient supply. 
In the past several studies have been undertaken on the impacts of first rotation conifer 
plantations on soil properties. For example, Ballard (1972) demonstrated that radiata pine 
greatly improved soil physical properties on an eroded clay soil in Riverhead Forest 
(Auckland), a site that was considered too poor for agricultural development. Further 
evidence of the beneficial effects of conifers on soil fertility has been demonstrated in 
recent research conducted mainly in the South Island of New Zealand. For example, Davis 
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and Lang (1991) found that available nutrient levels were significantly greater in soils 
under conifers than in adjacent pasture land. According to Belton et al. (1995) there was a 
significant enhancement of 'plant available' topsoil phosphorus (P) by conifer plantations 
in the Canterbury high country montane zone across a wide precipitation range. Other 
studies have also reported increases in inorganic P, mineralizable nitrogen (N) and sulphate 
sulphur (S) under coniferous forests as a result of mineralisation of organic forms of 
nutrients (Birk, 1992). 
Nutrients absorbed from the soil by the forest are returned to the soil through litter fall. 
Therefore, an understanding of litter decomposition processes in plantation forests will 
greatly enhance our understanding of issues relating to the long-term sustainability of 
forestry as a major land use. 
A brief description of nutrient transfers in plantation forest ecosystem is presented in Figure 
2.1. Mature forests immobilize a large quantity of nutrients in their biomass. In addition to 
nutrients returned in litter fall, stemflow and throughfall will also add considerable amounts 
of nutrients to the forest floor and soil (Pritchett and Fisher, 1987). The forest floor 
comprise not only of senescent needle litter added by naturallitterfall but also of green 
needles added through thinning and pruning activities in the plantation forestry. In addition 
to the fine litter (leaf litter) a considerable quantity of coarse woody debris is added to the 
forest floor mainly by thinning, pruning and harvesting activities. Along with fine and 
coarse litter a minor amount of cones, pollen (reproductive parts) and bark are also added to 
the forest floor. Plantation forests may include a wide variety of understorey plants (Allen 
et al., 1995). The litter contribution from the understorey vegetation may also be quite 
considerable. All these different components of litter (fine, coarse, reproductive parts, 
bark, and understorey biomass) make up the above ground litter, which ultimately 
Fine litter 
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decompose, along with the below ground litter derived from coarse and fine roots, to form 
soil organic matter (Vogt et ai., 1986). In addition to the nutrients contained in this organic 
Internal 
cycling 
Gaseous losses 
Nutrient removal in 
harvested biomass 
o 
(green, senescent needles 
and understorey biomass) 
Fertilizer 
input 
Coarse woody debris (thinning 
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~uPtake 
+ 
Below ground biomass (coarse and 
fine roots, soil biota) 
Nutrient release through organic 
matter turnover, weathering of 
rocks and minerals 
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Figure 2.1 Nutrient transfer pathways in plantation forestry. 
matter, some amount of nutrients (except N) are released by the weathering of parent rocks 
but this input is inadequate in relation to the nutrient demand of the vegetation (Swift et ai., 
1979). All these make up the major inputs of nutrients into the forest ecosystem. The 
additions of nutrients through atmospheric deposition have historically been low in 
countries such as New Zealand (Attiwill and Adams, 1993). The nutrients immobilized in 
the various forms of litter will be made available for plant uptake mostly by the processes 
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of decomposition and mineralization. Although a minor portion of nutrients contained in 
litter (mostly Mg and K) are released through other processes like leaching. Within the 
plant system some demand for mobile nutrients such as N is met by internal cycling or 
redistribution between old and new growth (Pritchett and Fisher, 1987). A detailed 
discussion on the processes of decomposition and nutrient release processes can be found in 
the subsequent sections of this chapter. 
2.2 Decomposition Processes 
Old forest or mature forest is characterised by the accumulation of organic matter on the 
mineral soil surface. Litterfall results in the build up of a nutrient rich layer of decaying 
organic matter. The transfer of this matter and energy from plant litter to plants or the 
primary producers is vital for maintaining the integrity of the ecosystem. The 
decomposition of litter is the major pathway by which nutrients in freshly fallen litter or 
immobilized in the accumulated organic residues on the forest floor are gradually released 
to the underlying mineral soil layers for eventual re-utilization. Within ecosystems the 
decomposition processes perform two major functions, namely the mineralization of 
essential elements and the formation of soil organic matter (Swift et al., 1979). The 
maintenance of the primary production is dependent on the replenishment of the pool of 
available nutrients to balance the nutrient uptake by plants and removed in harvesting. Most 
of the nutrient replenishment is due to the mineralisation (release) of elements immobilized 
in plant litter by the action of decomposer organisms (Rutigliano, 1998). Decomposition 
essentially results in a change in state of a resource (e.g. litter) under the influence of a 
number of biological and abiotic factors (Figure 2.2). 
Figure 2.2 The basic decomposition module. As the decomposition proceeds 
between time tl and time t2 resulting in the change of resource from state 
RI to R2. The rate of state of change (as indicated by the arrow) is subject 
to regulation (as indicated by the valve symbol) by biological and abiotic 
factors. 
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Mass loss is the simplest fonn of expressing decomposition of litter. The more detailed 
meaning includes a loss of matter from the resource and a change in the chemical 
composition of the mass remaining, which mayor may not be accompanied by a process of 
fragmentation (a reduction in particle size). These are the biological, chemical and physical 
changes which we recognize as decomposition. These changes are composed of three 
distinct processes namely leaching, catabolism, and comminution (Swift et al., 1979) 
Leaching is the abiotic process whereby soluble matter is removed from the resource by 
the action of water. Leaching of resource results in the loss of weight and change in 
chemical composition (Steinke et al., 1993; Bernhard, 1999). However, the leached soluble 
resource material transferred to a different site (usually underlying mineral soil) will 
eventually be acted upon by further decomposition, and / or chemical transfonnation 
processes (Qualls and Haines, 1992). 
Catabolism is the biochemical tenn that describes energy-yielding enzymatic reaction, or 
chains of reactions, usually involving the transfonnation of complex organic compounds to 
smaller and simpler molecules. If the oxidation (catabolism) is complete and the products 
are all inorganic. Over a given time period however the catabolism of a given substrate or 
mixture of substrates may be incomplete. Some products will be inorganic (ammonium 
(N~ +), CO2, P); other intennediates will have entered the metabolic pool of the 
decomposer organisms and been re-synthesized into the polysaccharides and proteins of the 
decomposer tissue; others may have been incorporated in non-cellular organic matter such 
as humus (Swift et al., 1979) 
Comminution is the reduction in particle size of the organic resource. Comminution differs 
from catabolism in being a physical rather than chemical process and is largely brought 
about by the feeding activity, both ingestion and digestion, of decomposer animals such as 
earthwonns (Dangerfield and Telford, 1989; Hansen, 1999). During passage through the 
digestive system comminution is accompanied by catabolic changes; the residue from 
comminutive and catabolic activities is excreted as faeces characteristically of smaller 
particle size and different chemical composition (Kayang et al., 1994). A similar effect 
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occurs when comminution is brought about by abiotic factors such as freezing and thawing 
or wetting and drying cycles (Van Gestel et al., 1993). 
In natural conditions the three processes act simultaneously and it is difficult to distinguish 
them (Swift et al., 1979). Catabolic activity may soften plant materials and render them 
more readily comminuted; catabolic processes also result in the release of soluble 
components which may be removed in leachate; reduction in particle size may improve the 
access of catabolic enzymes and increase the ease with which soluble compounds may be 
leached. 
The decomposition of detritus or litter may be completed over a time scale extending from 
several years to many decades (Harmon et al., 1986). The residues of decomposition within 
this period contribute to the formation of an important component of soil organic matter, 
humus. The balance between primary production and the rate of decomposition determines 
the amount of organic matter accumulated within ecosystems (Bray and Gorham, 1964). 
Thus, it is important to understand litter decomposition rates within forests ecosystems. 
2.2.1 Litter Inputs 
Litter accumulation in forest ecosystems is often difficult to estimate owing to the many 
factors that control it. Generally speaking litter production is greater in warmer climates 
and it decreases with increasing altitude (Bray and Gorham, 1964). The litter accumulation 
increases with increasing distance from the equator (i.e. less organic matter accumulates in 
tropical than temperate forests). Soil moisture conditions significantly alter the litter fall 
rates. Litter production is known to increase with the increase in site quality (Albrektson, 
1988) and tree density (Guo and Sims, 1999). The age of the stand appears to have little 
effect on litter production once the canopy becomes closed but long-term studies on this are 
lacking (Millar, 1974). 
Within gymnosperms the pattern of litter fall varies from distinctly seasonal as in Scots 
pine to non-seasonal as in Norway spruce (Picea abies). Some species such as Sitka spruce 
(Picea sitch ens is) in Britain and Japanese cedar (Cryptomeriajaponica) in Japan show a 
tendency towards a bimodal spring and autumn pattern of needle fall (Bray and Gorham, 
11 
1964). In north east USA the greatest needle fall in conifers occurs, along with leaf fall in 
the deciduous broad-leaved trees, in autumn. Similarly, in New Zealand some exotic pines 
tend to drop their needles mainly in autumn (March to May) whilst the native broadleaved 
southern beech (Nothofagus spp.) loose most of their leaves in spring (October-November) 
(Will, 1959). 
There are considerable variations within forests in annual litter production. The ratio of 
maximum to minimum annual total litter production may reach 5 but more normal ratios 
are 1.5 to 3. Annual differences are attributable not only to variations in litter production 
but also to variations in flowering, seed production and severe environmental conditions 
such as drought and storms. Pests and diseases can also significantly affect annual needle 
litter fall (Millar, 1974). 
Silvicultural stand thinning and pruning are widely practiced in conifer plantations to 
maximise wood production (O'Connell, 1997). Thinning affects the composition of forest 
floor residues in two ways. Firstly, the amounts of green materials deposited at the soil 
surface are substantially increased and secondly large quantities of coarse woody residues 
are added to the litter layer. The composition of naturallitterfall (senescent needles) differs 
markedly from the green leaf material deposited during thinning. Green residues are known 
to contain higher concentrations of nutrients such as Nand P than senescent needle litter 
which may in tum alter nutrient cycling patterns (Edmonds and Thomas, 1995). 
Needle Iitterfall 
The annual leaf litter fall in radiata stands in Rotorua in New Zealand was 6.6 t ha-1 (Will, 
1959). According to Ovington (1965) in mature temperate evergreen coniferous forests 
needle litter fall was 1 - 5 t ha-1• This accounted for 60-80% of the total annual litter fall. 
Levett (1978) reported an average rate of 4 t ha-1 for annual leaf litter fall in previously 
thinned radiata stands in Granville, New Zealand. Heng (1980) reported from two years 
study in three sites in New Zealand that for radiata pine annual leaf litter fall ranged from 4 
t ha-1 to 7.5 t ha-1, averaging 4 t ha-1• Further, he reported that the senescent needle litter fall 
was lower in Hanmer forests in New Zealand as a result of thinning. 
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Coarse Woody Debris 
The above studies mainly focus on needle litter fall in coniferous forests. However, above 
ground litter includes not only needles but also other components like coarse woody debris 
(CWD), fruits and bark. The CWD includes a wide variety of types and sizes of materials, 
primarily in the form of standing dead trees (snags), fallen logs, chunks of wood (result of 
disintegration of larger snags and logs), large branches and coarse roots (Harmon et ai., 
1986). The size used to define CWD varies widely among studies. Typically minimum 
diameters are 7.5-15 cm in western north American studies and 2.5-7.5 cm elsewhere 
(Harmon et ai., 1986). 
In coniferous forests the measured CWD input rates varies widely depending upon the 
productivity and massiveness of the trees in the forests. It varies from 0.17 t ha-1 year -1 in 
lodgepole pine (Pinus contorta) in Colorado (Alexander, 1954) to 30 t ha-1 year -1 in mature 
Douglas fir in Oregon and Washington (Wright and Lauterbach, 1958). Factors influencing 
measurement of input rate are the size used to define CWD, the length of the study, and the 
area observed. Disturbances during the observation period can increase overall rates 
markedly as in case of Wright and Lauterbach (1958). Avery et ai. (1976) in a study (50 
years sampling period) concluded that the annual input rates of CWD in western yellow 
pine (Pinus ponderosa) stands in Arizona was 0.25 t ha-1• Peet (1984) reported an average 
input rate of 1.1 t ha-1 in white pine forests in Minnesota. 
Few studies conducted in New Zealand and Australia indicate that CWD is an important 
source of energy and nutrients in conifer forests. Smethurst and Nambiar (1990) reported 
that a large proportion of the forest site's nutrient capital after harvesting is contained in the 
slash and litter under radiata pine plantations. They reported that the weight of slash and 
litter under radiata varied from 9-14 t ha-1• In a study conducted by Stewart and Burrows 
(1994) CWD biomass under southern beech varied from 130 t ha-1 at Station Creek to 296 t 
ha-1 at Fergies Bush in the Maruia Valley in the South Island of New Zealand. 
13 
Forest Floor Mass 
Foster and Morrison (1976) observed that forest floor organic matter increased with stand 
age in a Pinus banksiana forest in Ontario, Canada. Will (1964) estimated that under 
equilibrium conditions the average litter layer under radiata pine in the central North Island 
of New Zealand contains 13 t ha-1• Gadgil and Gadgil (1975) reported that accumulated 
litter layer including woody material in undisturbed, unthinned 22 year old radiata pine 
regeneration in Kaingaroa forest in New Zealand weighed 42 t ha-1• Ballard and Will 
(1981) observed that in second rotation radiata pine plantations in Kaingaroa state forest in 
New Zealand (L, F and H layers) non woody litter accumulation was 55 t ha-1• Carey et al., 
(1982) estimated that forest floors under radiata in north island in New Zealand contained 
an average bf 21 t ha-1• Their study indicated a wide variations in organic matter contents 
amongst the sites. Unthinned sites had as much as 10 times higher (60 t ha-1) organic matter 
compared to heavily thinned sites (6 t ha-1). In addition to thinning they concluded that 
regional factors such as climate or geology may playa more important role than localised 
factors such as soil chemistry or stand management in the turnover of organic matter within 
the forest floor. Accordingly second rotation stands contained double the amount of organic 
matter found at the first rotation sites. About 60% of the total organic matter present in 
second rotation stands was the decomposing slash from the first rotation which was felled 
20 years ago. France et al. (1989) studied the accumulation of forest floors in white pine 
(Pinus strobus L.) plantations in Toronto, Canada and reported that the average biomass 
was 37 t ha-1• Finer (1996) studied needles and other litter fall under Scots pine stands in 
eastern Finland and reported that the annual total litter fall was 2 t ha-1, of which needle 
litter accGunted for 74%. 
Roots 
The importance of fine roots in ecosystem processes has long been recognized but very 
little quantitative data have been collected to examine the role of roots in carbon (C) and 
nutrient circulation in forests (Edwards and Harris, 1977). In a study on C cycling within 
the floor of a mixed deciduous forest in USA, Edward and Harris (1977) estimated that the 
mean annual root C pool was approximately 1.8 kg m-2 (55% stump, 24% roots> 0.5 cm, 
and 21 % roots < 0.5 cm). According to Herman et ai. (1977) temperature, precipitation and 
latitude correlated well with fine root turnover but poorly with live fine root mass. Vogt et 
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al. (1981) stated that fine root turnover will contribute more to soil organic matter and 
nutrient circulation than would above ground litterfall mass in sub-alpine Pacific fir (Abies 
amabilis) stands in Washington. This was supported by McClaugherty et al. (1982) who 
found that in cold temperate needle leaved evergreen forests approximately 47% more 
organic matter input into the total soil profile occurred through fine roots than from above 
ground additions of litterfall. Vogt et al. (1983a) have also shown that in cold climates 
roots contribute more inputs to organic matter decomposition cycle than above ground 
litter. Vogt et al. (1986) synthesized data on above- and below ground contribution to the 
soil organic matter pool on a global scale and concluded that in cold temperate zone, 
coniferous forests supported 7.3 t ha-1 year-1 fine root mass, out of which, dead roots 
accounted for 4.3 t ha-1 year-I. This meant that the annual fine root turnover was more than 
the average annual living fine root mass. Dead root mass reflected not only the amount of 
root turnover but the decomposition rate of root material as well. 
Understorey Litter 
In forest ecosystems significant amounts of biomass can be added through understorey 
vegetation (woody weeds and herbaceous vegetation). The role of understorey plants in 
nutrient cycling in forests is not well documented although legumes have been used as a N 
source for tree crops. Some of the commonly found exotic understorey species in radiata 
pine plantations in New Zealand include gorse (Ulex europaeus), broom (Cytisus 
scoparius), bracken (Pteridium aquilinum), and lotus (Lotus pedunculatus) (Richardson et 
al., 1996). 
Most reports on these species have been concerned with its eradication, prior to 
afforestation and its control during establishment and growth (Bunn, 1964; Chavesse, 
1969). Very few studies have been carried out to understand the potential beneficial effects 
of these understorey species in plantation forestry. Bums (1935), in a study of soil 
conditions and vegetations in Scotland, showed that both gorse and bracken were beneficial 
to tree growth. Heavy nodulation was observed on gorse and mention was made of possible 
enhancement of tree growth by exudation of N compounds from gorse. Bums (1935) also 
observed the presence of a thick humus layer on the soil. Reid (1973) conducted a series of 
glasshouse and laboratory experiment to study the N-fixation by gorse and broom and 
concluded that considerable amounts of N was contributed to the forest ecosystem in the 
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form of gorse and broom litter. The results of these experiments indicated that broom 
nodules exhibited higher rates of N fixation than did gorse nodules. The direct transfer of N 
between gorse or broom and radiata pine was small and masked by the competition for 
other nutrients. Gadgil (1982) reported an N fixing rates of 100-200,33, and 160 kg -1 ha -1 
yea(1 for gorse, broom and perennial tree lupin in North Auckland. 
Bracken is another dominant understorey plant found in radiata pine plantations in New 
Zealand. It occurs on some 3% of grazing land in the South Island (12% in Nelson) 
(Bascand and Jowett, 1981). Evans et al. (1990) studied biomass and nutrient contents of 
bracken growing under radiata pine in Nelson, New Zealand and reported that the above 
ground living biomass of bracken growing under 14 year old radiata pine was 5.4 t ha-1 in 
late summer and 2 t ha-1 in late winter. Nearly 60% of the living biomass reported in late 
summer was green leaf. Dead standing bracken was 1.1 t ha-1. Total bracken litter including 
standing dead fronds was 26 t ha-1 in summer and 22 t ha-1 in winter. Live rhizome biomass 
in winter was 16.5 t ha-1. The bracken litter contained 115, 12,40, 29, and 135 kg-1 ha-1 of 
N, P, potassium (K), magnesium (Mg) and calcium (Ca), respectively. Living rhizome 
biomass was 16 t ha-1 in winter, and contained 54, 44, 150, 32, and 37 kg-1 ha-1 of N, P, K, 
Mg and Ca, respectively. 
Recent studies conducted in other parts of the world confirm the importance of understorey 
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litter in maintaining soil fertility. Xu et al.(1997) observed understorey biomass, nutneiit 
accumulation, and nutrient cycling in a rose gum (Eucalyptus grandis) plantation in 
Guangdong, China and reported that understorey biomass was 6.3 t ha-1 after 3.5 years and 
nutrient accumulation by the uoderstorey was about 20-40% of the total above-ground 
nutrient accumulation. Nie et al. (1997) reported that understorey litter accumulation was 
less in mixed stands than in the pure Chinese pine (Pinus tabulae/ormis) stands due to 
higher litter decomposition rate in the mixed stands of pine and Japanese white birch 
(Betula platyphylla). Liu et al. (1999) stated that the understorey biomass made up 11-17% 
of the above-ground biomass of the pines and plays an important role in nutrient 
circulation. 
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2.2.2 Decomposition of Litter 
In a plantation forest ecosystem plant litter makes up most of the available substrate for 
microbial decomposition. The total litter in a plantation forest ecosystem comprise of a 
variety of plant parts namely, leaves (green and senescent needles), coarse woody debris 
(which include wood, side branches and bark), below ground litter (coarse and fine roots), 
and reproductive organs (e.g. cones). Each of these categories shows characteristically 
different rates of decomposition. Fogel and Cromack (1977) found that the decomposition 
rates for Douglas fir litter components were in the order of needle leaves> wood> cones> 
bark. This agrees well with the findings of Fahey (1983) who reported that lodgepole pine 
leaves lost 17% of original mass compared to 15% for twigs and 9% for cones during one 
year in the field. There are very few studies on root decomposition. The lack of extensive 
research on root decomposition does not imply the unimportance of the root contribution in 
an ecosystem and reflect difficulties involved in studying root decomposition in forest 
ecosystems. 
Lea/Litter 
The decomposition of coniferous leaves results often in the formation of mor type of soil 
characterized by an accumulation of raw humus with a low base status and a low pH 
(Millar, 1974). Although litter decay is more or less continuous it is convenient to 
recognize stages in this process. The A horizon may be divided thus: 
H 
freshly fallen, undecomposed needles; 
dark brown intact, recognizable needles extensively colonized by 
fungi; 
greyish, fragmented, compressed but recognizable needles containing 
hyphal fragments and animal faeces. MesophyU collapsed.; 
humus-like amorphous mass of animal excreta and needles and 
microbial fragments; 
an intimate mixture of humus and mineral soil. 
These stages described mainly apply to pines but are recognizable also beneath other 
genera such as spruce and fir (Brandsberg, 1969). In a healthy stand the L layer will 
contain more or less undecomposed needles on the surface. Under mor conditions the cell 
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contents are decomposed rapidly in the L layer and the epidermal and hypodermal cell 
walls in the F layer. Needles in the F2 layer undergo comminution by a variety of mites and 
springtails, whilst the decomposition by fungi, bacteria and actinomycetes continues until 
the needles are reduced to humus. 
There have been few studies on time spent by litter in different layers. Kendrick (1959) in a 
study deduced that Scots pine needles spent approximately 6 months in the L layer, 2 years 
in the Filayer and 7.5 years in the F21ayer. In a more recent study Kurz et al. (2000) have 
demonstrated that needles of maritime pine (Pinus pinaster) spent 1.1 ± 0.35 years in L 
layer and 2.59 ± 1.86 years in F layer. The estimated decomposition time for a mass loss of 
68% was 8;05 ± 2.59 years. 
In many regions of the world the evergreen leaf type appears to be associated with nutrient 
poor soils (Mooney and Rundel, 1979) and may be adaptive on these sites in various ways, 
including the conservation of nutrients through relatively slow rates of decomposition 
(Monk, 1966). The loss in dry weight of leaves of various species during decay is highly 
variable and generally speaking conifers have low decomposition rates. Schlesinger and 
Hasey (1981) studied the decomposition of leaves from an evergreen sclerophyll shrub, 
mountain sweet (Ceanothus megacarpus), and a deciduous shrub, black sage (Salvia 
mellifera), in the chaparral of southern California. Over 1 year period, evergreen leaf litter 
of mountain sweet lost 19 % of its original ash-free dry compared to 24 % for black sage. 
Wesemael (1993) in a study on litter decomposition in some mediterranean forests in 
Southern Tuscany, concluded that there was a clear difference between the decomposition 
rates of maritime pine needles (decay constant = 0.12 year-I) and that of deciduous and 
sclerophyllous leaves (turkey oak (Quercus cerris), cork oak(Quercus suber) and 
strawberry tree (Arbutus unedo): decay constant was 0.30 year-I). 
Species litter decomposition rate varies. For example, freshly fallen leaves of four 
hardwood tree species; yellow poplar (Liriodendron tulipifera L.), black cherry (Prunus 
seratina L.), red maple (Acer saccharam Marsh.) and black birch (Betula lenta L.) 
decomposed at different rates. Over two years black cherry (0.918 year-i) litter 
decomposed most rapidly, followed by yellow-poplar (decay constant, 0.567 year-i), red 
maple (decay constant, 0.481 year-i) and black birch (decay constant, 0.414 yea{i) (Adams 
18 
and Angradi, 1996). Keenan et al. (1996) studied leaf litter decomposition patterns of 
western red cedar (Thuja pUcata Donn), western hemlock (Tsuga heterophylla Raf.), salal 
(Gaultheria shallon Pursh.) and amabilis fir (Abies amabilis Dougl). Their study showed 
that cedar litter decomposed more slowly (22% after 1 year and 50.5% after 2 years) than 
the hemlock and fir needles. Hemlock and fir needles decomposed at a slower rate (41.7% 
after one year and 63.8% after 2 years) than salalleaves (58.4% after one year and 71.7% 
after two years). Cortez et al. (1996) studied the decomposition of leaf litters of four 
mediterranean species (sessile oak (Quercus petraea L.); holm oak (Quercus ilex L.); sweet 
chestnut (Castanea sativa Mill) and european beech (Fagus sylvatica L.), and after one 
year decomposition in microcosms the rate of decomposition was as follows: sessile oak > 
holm oak = beech> sweet chestnut. 
Within the same genus (e.g. Pinus) the decomposition rate varies between species. 
Bockheim and Leide (1986) reported an annual decomposition rate of 33% for leaf litter of 
red pine (Pinus resinosa) using litter bags in central Wisconsin. Prescott et al.(1993) 
reported a decay constant of 0.11 year -1 (equal to an annual mass loss of 10.42%) for 
lodgepole pine under field conditions in rocky mountain coniferous forests. The annual 
decomposition rate of Scots pine needles in South Sweden was 43.7% (Johansson et al., 
1995). Fioretto et al. (1998) studied the decomposition dynamics of litters of Corsican pine 
(Pinus laricio Poiret), stone pine (Pinus pinea L.) and Scots pine for 2.5 years under field 
conditions. The overall decay constants were in the order of Corsican pine (0.17 year-1 or 
mass loss = 15.63%) > Scots pine (0.16 year-1 or mass loss = 14.89%) > Stone pine (0.08 
yea{1 or mass loss = 7.69%). Kurz et al.(2000) reported a decomposition rate of 12.6 % (k 
= 0.13 year -1) for maritime pine needles. 
For the same plant species under similar climatic conditions litter decomposition seems to 
vary at different stages of decomposition. The rate of leaf litter decomposition is faster in 
the earlier stages compared to that in later stages. Johansson et al.(1995) demonstrated 
using Scots pine needle that initial stages « 20%) of decomposition were faster (10.9% 
yea(1) compared to 2.2% in later stages (>20%) in arctic circle climate. According to them 
this was mainly due to dominance of lignin in the later stages of decay. 
Little information exists on green litter decomposition and its contribution to nutrient 
cycling (O'Connell, 1997). Edmonds and Thomas (1995) reported that the senescent 
needles decomposed slower than green needles. The presence of high lignin, low Nand 
high lignin: N ratio in senescent needles were suggested as the reasons for slow 
decomposition of senescent needles. 
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The age of the stand may also influence on the rate of litter decomposition. Several 
previous studies have shown that decomposition of needle litter occurs faster in young 
forests and clear cuts than in old forests (Edmonds, 1979; Vogt et ai., 1983b; Binkley, 
1984; Klemmdson et ai., 1985). Differences in observed decomposition rates among 
different aged forests have been attributed to site differences in micro-climate and nutrient 
availability. The quality of litter returned to the soil may decline during forest development, 
and this process has been suggested as a possible explanation for the generally lower rates 
of decomposition and nutrient cycling in old forests (Vitousek, 1982; Gholz et ai., 1985). 
Hart et ai. (1992), in a study on the decomposition and nutrient dynamics of ponderosa pine 
needles in a Mediterranean type climate in old (more than 100 years) and young (planted in 
1975) mixed conifer plantation forest in California, found that forest age class influenced 
the pattern of N, P, and sulphur (S ) release, but had no significant effect on Ca, Mg and K 
dynamics. According to the study the annual rate of decomposition in old growth forests 
was lower than that of young growth forests. Their study showed that recent litter fall acts 
as a significant source of P, Mg, and K, while at the same time acting as a net sink for N, S, 
and Ca. 
Coarse Woody Debris 
Coarse woody debris is a unique feature of forest ecosystems. In plantation forestry 
thinning, pruning and harvesting acti"v'ities can add significant amount of CWD (O'Connell, 
1997). Many of the ecological effects of the intensive method of management including 
changes in nutrient cycling are not well understood (Harmon et ai. 1987). The CWD may 
perform many ecological functions such as acting as habitat for organisms, playing a part in 
energy flows and nutrient cycling and influencing soil and sediment transport and storage 
(Cline et ai., 1980). Harmon et ai. (1986) stated that, ecologically, a dead tree is as 
important to the forest ecosystem as a live tree. According to O'Connell and Grove (1991) 
the slash residues are a significant nutrient source and their management is likely to be 
important in maintaining the long-term nutrient balance of forest ecosystems. 
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There have been studies on the effect of intensity of harvesting and the resultant CWD 
decomposition on forest processes, but mainly in northern-hemisphere forests. Lang and 
Forman (1978) observed that fallen boles and large branches, as a result of harvesting, 
constituted 71 % of litter added to the forest floor in oak (Quercus spp.) forests in New 
Jersey. They further indicated that N was the most abundant element followed by Ca and 
Mg. Potassium, P and C to element ratios of the CWD decreased with decomposing branch 
diameter. Because of large C to element ratios and slow rate of decomposition, boles lying 
on the surface of the forest floor may exhibit a net accumulation and storage of elements 
until a critical C to element ratio is reached and net mineralisation occurs. A time delay 
thus exists for element release, which may provide regular element supply over time. 
Harmon et ai. (1987) observed the upper portions of boles of white fir (Abies concoior) 
disappeared faster than the basal portion. They further observed that larger logs would take 
longer to be colonised and would therefore decay slower than smaller ones. In a study on 
CWD decomposition in Douglas-fir (Pseudotsuga menziesii) stands in western Oregon and 
Washington, Spies et ai. (1988) observed a low decay rate constant (k) for snags and logs 
calculated from a chronosequence study compared to that of leaf litter. Arthur and Fahey 
(1990) in a study on mass and nutrient content of decaying boles of Engelmann spruce 
(Picea engeimannii) - subalpine fir (Abies iasiocarpa) forest in Colorado, observed that the 
net accumulation ofN, P, Ca and Na occurred with increasing decay and the loss of K 
during bole decay exceeded the rate of weight loss, whereas Mg loss followed weight loss. 
Further, they concluded that high amounts of Ca found in decaying dead wood could 
indicate that in the long run CWD is a significant source of Ca. 
Harmon and Chen (1991) stated that an important feature of CWD is that nutrients are 
released at slower rates than from fine litter. This slow release allows nutrients to be 
retained within the ecosystem until tree production recovers. Stewart and Burrows (1994) 
studied CWD in old-growth beech (Nothofagus truncata) forest of New Zealand and 
concluded that decay (decomposition) was related to physical characteristics and structural 
integrity of the CWD and that CWD represented a significant C and N pool. 
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Brown et al. (1996) studied changes in mass and nutrients in decaying logs of six tree 
species, namely, she-oak (Allocasuarinajraseriana), Banksia (Banksia grandis), Marri 
(Eucalyptus calophylla), Karri (Eucalyptus diversicolor), Jarrah (Eucalyptus marginata), 
and maritime pine during 5 years in three major forest production regions of western 
Australia. Among 6 species maximum (Up to 65%) mass loss was observed for Marri in 5 
years. Decomposition was least in cluster pine and jarrah at about 24-26% of original mass. 
Small logs decomposed faster than large logs. Changes in nutrient concentration occurred 
in all logs at all sites, with N being the only elemt!nt to be immobilised over a 5 year period. 
Rice et al. (1997) studied the decomposition of CWD in mixed hardwood forests in 
Louisiana, imd concluded that CWD in contact with ground decomposed faster than the 
suspended logs. In terms of biogeochemical transformations, the study suggests that CWD 
might act as a significant P source. In a recent study on the decomposition of slash residues 
in thinned regrowth karri forest in western Australia, O'Connell (1997) confirmed that rate 
of decay of wood components was slower than for leaf fractions and that the rate of decay 
decreased with wood diameter and was more rapid for understorey wood than overstorey 
wood. 
The role of CWD in storing C is often overlooked when only living plants or soil are 
considered. In fact, only a few studies have been conducted on the dynamics of CWD from 
southern temperate forests especially from coniferous plantation forests in New Zealand 
(Stewart and Burrows, 1994). There have been no published studies that relate the effects of 
stand thinning and pruning to forest nutrient budgets and nutrient cycling in regrowth (2nd 
or 3rd rotation) conifer forests. 
Roots 
Numerous studies of litterfall and litter decay are reported in the literature, but the number 
of papers that include information on roots is limited. Most of the CO2 evolution studies 
conclude that litter decay could account for only a portion of the total CO2 efflux from the 
forest floor and that much of the CO2 probably comes from root respiration (Reiners, 1968; 
Witkamp and Frank, 1969; Edwards and Sollins, 1973). Wiant (1967) reported that CO2 
evolution from forest plots with roots removed, produced half as much as C02 as plots with 
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roots. Edwards and Harris (1977) in their study found that the total C lost annually as CO2 
from the forest floor was 1065 g C m-2 (42% of this total derived from decay of dead roots, 
35% from respiring live roots and associated microorganisms). 
Vogt et al. (1986) have synthesized and analysed the available data on below ground 
organic matter turnover rates in different forest ecosystems on a global scale. It is evident 
from their work that below-ground inputs from fine root turnover may contribute more to 
the organic matter decomposition cycle than aboveground litter fall, at least in cold 
temperate climates. The decomposition rate of fine roots will greatly affect the cycling 
rates of nutrients. It has been calculated that fine root turnover supplies from 20 to 140 
kglha of N annually, and it is pre-dominantly cycled in the upper 20 cm of the mineral soils 
(Vogt et al., 1986). 
Camire et al. (1991) studied the decomposition of roots (of three diameter classes: 0-2 mm, 
2-5 mm, and 5-10 mm) of black alder (Alnus glutinosa (L.) Gaertn.) and hybrid poplar 
(Populus nigra L. X Populus trichocarpa Torr & Gray) over a period of 462 days in pure 
and mixed plantings in southern Quebec. It was found that stand type, root diameter, and 
incubation time had significant effects on mass loss of fine roots of both alder and hybrid 
poplar. On average alder roots buried in pure alder plots lost 8% more mass during 
incubation than roots buried in mixed plots. Fine roots lost 9% and 10% less mass than 
medium and large roots, respectively. Roots of alder had lost 51 % of the original mass after 
462 days of incubation. Hybrid poplar roots incubated in mixed plots lost an average of 2% 
more mass during the incubation than roots in pure plots. After 462 days of incubation, 
roots of hybrid poplar had lost an average of 38% of the initial mass. Large roots of poplar 
had the highest lignin-to-N ratio and showed the smallest loss of mass over the total 
incubation period. Slow root decomposition of black alder and hybrid poplar was 
characterized by a greater proportion of initial root N immobilized per unit of C respired. 
Ruark (1993) conducted a study to quantify the relationship between soil temperature and 
fine root decomposition. The root systems of loblolly pine seedlings were incubated in the 
lab under field capacity moisture conditions at soil temperatures of 15°C and 25°C. Some 
seedling root systems were allowed to decompose in situ, where soil moisture and 
temperature were recorded. Laboratory decomposition rates of the seedling root system, 
which contained fine laterals and a small taproot, averaged 31 % and 44% weight loss 
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annually, while annual rates of only the fine lateral root component averaged 57% and 66% 
loss of total weight at 15°C and 25°C, respectively. Decomposition rates of root systems in 
field after one year was 43% for the whole root system and 60% for lateral roots. 
King et ai. (1997) studied the effects of increased availability of water and N on three size 
classes (0-5, 5-10 and> 10 mm) of roots of loblolly pine under field conditions in North 
Carolina. Roots decomposed in a two stage process. In the initial stage size class and 
nutrient concentrations had significant control over mass loss but during later stages this 
control disappeared when rates of mass loss converged for all size classes. Decomposition 
of roots was seldom affected by irrigation and fertilization treatments, due to the buffering 
capacity of soil moisture and complex ecosystem-level responses to fertilization. Net 
mineralization of N, P, K, Ca, and Mg occurred in smaller size classes of roots providing a 
source of these nutrients to the aggrading plantation for an estimated 2 to 15 years. The 
largest size class of roots was a sink for N, Ca and Mg for 2 years and was a source of P 
and K for an estimated 20 and 4 years, respectively. Further, small roots provided important 
sources of macronutrients for several decades to aggrading forests after large scale 
disturbances such as harvesting of above ground biomass. 
Understorey Litter 
In a study on decomposition rates of litter mixtures of canopy and understorey litters in 
Puerto Rican Montane rain forest, Caro and Rudd (1985) recorded slower rate of 
decomposition for litter of understorey species Drypetes (Drypetes glauca) and powderpuff 
plant (Ingaferrea) compared to that of primary canopy species snakewood tree (Cecropia 
peltata), candlewood tree (Dacryodes exceisa) and carabeen (Sloanea berteriana). In 
contrast, O'Connell (1987) compared decomposition ofkarri litter with that of 4 
understorey species namely karri haxel (Trymalium spathulatum), bossiaea (Bossiaea 
laidlawiana), wattle (Acacia urophyUa) and Indian bean (Casuarina decussata). The study 
indicated faster rate of decomposition for understorey species than for karri litter. Similarly 
Wesemael (1993) compared the decay rates of litters of cluster pine (Pinus pinaster) 
needles with that of understorey shrub species strawberry plant (Arbutus unedo) and alpina 
(Erica arborea) in some Mediterranean forests in southern Tuscany and reported that 
understorey litter decomposed faster than pine needles. The above studies considered 
understorey and overstorey litters separately. 
24 
O'Connell (1986) in a field study investigated the effect of litter of understorey acacia 
(Acacia pulchella) on the rate of litter decomposition and change in nutrient content of 
Jarrah litter in forests of South Australia. Mixing of acacia understorey litter with 
eucalyptus litter had a marked effect on chemical composition of decomposing litter. The 
concentrations of N, P, S, Ca and Mg in mixed litter were higher than in litter collected 
from forest floor without understorey. However, mixing had no significant effect on rate of 
eucalyptus litter breakdown. 
Liu (1995) studied the N cycling process and dynamic change in Dahurian larch (Larix 
gmelinii) forests in China and stated that the understorey vegetation plays an important role 
in speeding up N cycling. Prescott et al. (1996) observed that the understorey litter of salal 
(Gaultheria shallon Pursh.) interfered with that of western red cedar (Thuja plicata Donn.) 
and western hemlock (Tsuga heterophylla) in mineralization of N in forests of British 
Columbia. High concentrations of phenolic acids, which were associated with salal, 
interfered with mineralisation and uptake of P. From the above studies it may be said that 
litters have the potential to interact with positive or negative effects on decomposition rates 
and that interactions are not predicted from commonly measured litter quality properties. 
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2.3 Decomposition and Nutrient Release 
The decomposition processes are of paramount importance in maintaining the integrity of 
-
~ 
Atmosphere I 
~ 
-
Figure 2.3 
J Storage Herbivore 
+ ... Sub.system 
Production 
Plant sub.system 
Available 
... 
I Detritus I nutrients 
~ .. 
Inorganic nutrients I Humus Biota I 
Decomposition sub· Organic forms 
system 
I Biosphere I 
t + 
Lithosphere 
The structure of nutrient pools and fluxes within the 
ecosystem. 
I 
forest ecosystem. The diagramatic representation of the structure of nutrient pools and 
fluxes within ecosystems (there is however, a minor amount of nutrient transfer between 
ecosystem but this is beyond the scope of present study) is presented in Figure 2.3. The 
origin of most nutrient elements lies in the lithosphere i.e., the primary minerals of rocks. 
The nutrients in this form are generally inaccessible to living organisms and thus may be 
distinguished as a separate pool from the biological exchange pool or biosphere. Some 
elements have gaseous reserviors in the atmosphere (e.g. N,S). There can be direct 
exchanges of elements (gaseous forms) between biosphere and atmosphere (represented by 
arrows in the above diagram). The uptake of C from atmosphere by plants is clearly a major 
flux and under special conditions the same may be true for N. Within the ecosystem or 
biosphere the nutrient exchange takes place within three main compartments -the plant, 
herbivore and decomposition sub-systems. The plant sub-system is responsible for the net 
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primary production (NPP) within ecosystem. The bulk of the annual NPP is shed as plant 
litter. This component directly enters the decomposition sub-system as dead organic matter 
or detritus. A minor portion of NPP goes as an input to herbivore sub-system. This will also 
enter the decomposition sub-system as the faeces and carcasses of the herbivores and the 
predators of the herbivore subsytem (carnivores). There can be a release of a minor amount 
of nutrients from the plant subsystem by the action of throughfall and stemflow. 
The detritus is broken down by the combined action of the decomposer community which 
is predominantly composed of micro-organisms (fungi and bacteria) and soil invertebrate 
animals (e.g. earthworms). Eventually the decomposers die and their carcasses enter the 
detritus compartment and are acted upon by other decomposers. The decomposition 
processes (leaching, catabolism and comminution) lead to the production of inorganic 
forms of nutrients, energy for the activity of biota, and stable soil organic matter or humus, 
all of which have important roles in maintaining ecosystem functioning. However, in the 
present context we are concerned only with nutrients. The nutrients thus converted into 
inorganic forms by the action of microorganisms are taken up by plants to complete the 
cycle. 
The process of conversion of organic forms of nutrients to inorganic forms is termed as 
mineralization while the opposite process is termed immobilization. Mineralization of 
nutrients in soil and litter represent a major pathway of nutrient supply to plants in forest 
ecosystems (Attiwill and Adams, 1993). The nutrient flow pattern through the 
decomposition subsystem may reveal insights into ecosystem functioning in different 
situations. Different elements have different pattern of release over time (Staaf and Berg, 
1982). The consequence of catabolism is the realease of energy for anabolic activity (of 
microbes) which also involves the uptake and use of nutrient elements. The dynamics of an 
element (release or immobilization) depends on its status as a limiting or a non-limiting 
element for microbial growth. Often nutrients in plant tissue exist in limiting amounts when 
compared to microbial demand (Rutigliano et al., 1998). Immobilization thus inevitably 
accompanies mineralisation. 
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Therefore, the key to the availabiility of inorganic forms of nutrient elements lies in the 
balance between mineralization and immobilization (Swift et ai., 1979). An index of such 
an availability could be given by the energy to nutrient ratio as determined by the C to 
nutrient ratio. Net mineralization will only occur when a critical C to nutrient ratio is 
reached (Berg and Staaf, 1981; Upadhyay and Singh, 1989; Musvoto et ai., 2000). 
However, for elements such as K and Mg leaching of litter may be a major mechanism of 
release (Staaf, 1980; Rutigliano et ai., 1998). 
It has been postulated that the release of nutrients from decomposing litter occurs in three 
sequential phases (Berg and Staaf, 1981; Upadhyay and Singh, 1989): 
(i) 
(ii) 
(iii) 
an initial phase of nutrient release through leaching; 
a net immobilization phase, during which nutrients are retained or imported 
by decomposer microorganisms; and 
a release phase, during which nutrients are released from the litter, usually at 
a rate paralleling mass loss. 
However, the pattern of immobilization and release varies among species and ecosystems 
and any particular litter type may not show all the three phases (Prescott et al., 1993). In 
conifer needles and CWD the leaching phase is small or absent, and the bulk of the release 
of Nand P occurs through microbial catabolism of structural compounds (Berg, 1988). 
There have been many studies to quantify the amount of nutrients contributed or released 
through litter decomposition (Millar, 1974; Will et al., 1983; Vogt et ai., 1986; Edmonds 
and Thomas, 1995; Rutilgiano et ai., 1998; Musvoto et ai., 2000) but mostly in the northern 
hemisphere. Ovington (1965) compiled the data on litter fall and nutrient release through 
decomposition and concluded that decomposition released 80% of the total minerals in the 
biomass of a stand, the remainder being retained in the living parts of the tree. 
Schlesinger and Hasey (1981) reported that in the chaparral of Southern California, 
decomposing leaves of an evergreen shrub, mountain sweet (Ceanothus megacarbus), and a 
deciduous shrub, black sage (Saivia mellifera) lost high amounts of K (>70% of original), 
moderate amounts of Mg (>30% of original ), no significant Ca and accumulation of N 
over 1 year period. In their study the mobility of nutrients was K > Mg > Ca ~ N. 
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Will et al. (1983) in a 4 year study, using nylon mesh bags in a radiata pine stand in New 
Zealand, demonstrated that the release pattern for different nutrients varies a lot. In their 
study K, P and boron (B) decreased in concentration in the first few weeks and increased in 
concentration towards the end of incubation (4 years) almost reaching the initial 
concentration (for P). However the total content of elements (N, P, Ca, Mg, B, Zn, K, Mn) 
decreased with time with a large differences in the rate of release. The order of release was 
K> B > P > Ca = Mg = Mn = Zn > N. At the end of 4 years the content ofN was 80% of 
the original while that of Ca, Mg, Mn, and Zn decreased to half of the original content. K 
lost more than 90% in the first year of decomposition itself. 
Hart et al. (1991) suggested that recent litter fall in western yellow pine forests in 
Mediterranean-type climate potentially acts as a significant source of P, Mg, and K (for 
trees uptake); in contrast, recently fallen litter acts as a net sink for N, S, and Ca. Prescott et 
al. (1993) showed that a period of net immobilization of N was followed by a period of net 
release of N and only litter types particularly rich in N had an initial leaching phase. P was 
usually released immediately. This was confirmed by Rutigliano et al. (1998). 
2.4 Factors Regulating Litter Decomposition 
The rate of decomposition of litter is controlled by numerous factors such as age, quality of 
litter, species, soil fauna, soil microorganisms, temperature, moisture, and aeration 
(Attiwill and Adams, 1993). Swift et al. (1979) categorised these factors into three "broad 
driving variables" of litter decomposition. These are: 
(i) litter quality, 
(ii) the physico-chemical environment within which decomposition is taking 
place, and 
(iii) the decomposer community embracing wide range of bacteria, fungi, protista 
and invertebrates. 
Together these variables can account for most of the variation in the decomposition rates of 
different resources under wide variety of conditions. 
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2.4.1 Litter Quality 
Litter quality is a composite definition of the value of a resource as food to an organism and 
embodies both physical and chemical criteria (Swift et al., 1979). The "food" must satisfy 
the physical (surface properties, texture etc.) and chemical (phagostimulant, growth factor, 
and nutritional) requirements for colonization to occur. 
Composition of Plant Litter 
Plant products show the bewildering diversity of molecular forms that any potential 
primary resource may contain. This situation is simplified by using a classification of 
molecular types rather than studying individual molecules. We may recognize three main 
groups of compounds, classified on the basis of their significance to the decomposer 
organisms. 
(i) carbon and energy sources 
(i) nutrient sources 
(ii) modifiers - molecules that inhibit or stimulate decomposers activity by their 
chemical structure and are often (though not always) active at relatively low 
concentrations. 
Carbon and Energy Sources 
The largest quantitative demand by the heterotrophic decomposer organisms is for the 
energy released from organic C compounds to fuel their growth and activity. The bulk of C 
and energy in decomposer food resources is stored in a variety of polymeric compounds-
polysaccharides, lipids, proteins and aromatic polymers such as lignin or humus. The 
sugars and storage polysaccharides such as starch account for a minor fraction of this C and 
energy and prior to death are located within the cytoplasm and vacuoles of living cells. This 
is also the main site of the required mineral elements other than C. The main source of C 
and energy however is the polysaccharides (cellulose, hemicelluloses and pectic materials) 
and lignin of plant cell walls (Table 2.1; Figure 2.4). Typically plant litter contain 15-60% 
cellulose, 10-30% hemicellulose, 5-30% lignin, 2-15% proteins, and soluble substances 
such as sugars, amino sugars, and organic acids, which may contribute 10% of dry weight 
(Paul and Clark, 1989). Plants also contain cutin (Gallardo and Merino, 1993), polyphenols 
Table 2.1 Major organic components (C and energy substrates) of Elant litter (%). 
Deciduous Deciduous Conifer Grass leaf 
leaf-young leaf -DId needle -DId Deschampsia 
Quercus sp. Quercus sp. Pinus sp. flexuosa 
(a) (a) (a) (b) 
Lipid, Ether soluble 8 4 24 2 
Storage/metabolic 22 15 7 13 
carbohydrate, water 
soluble 
(cold and hot water) 
Cell wall Polysaccharide, 13 16 19 24 
hemicellulose (alkali 
soluble) 
Cellulose (strong acid) 16 18 16 33 
Lignin, residue 21 30 23 14 
Protein, Crude 9 3 2 2 
Ash, incineration 6 5 2 
Sources: a- Waksman, 1952; 
b- Mikol a, 1955; 
c- Browing, 1963. 
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(Tian et al.,1995), and Silica (Goering and Van Soest, 1970). The rate of litter breakdown 
depends on the relative proportions of each of these fractions (Stout et al., 1981).Hagin and 
Amberger (1974) reported that the halflives of sugars, hemicellulose, cellulose, and lignin 
were 0.6, 6.7, 14.0, and 365 days, respectively. Thus, it is apparent that the rate of 
decomposition of individual components of litter substrate varies considerably. The most 
rapid loss is of the soluble sugar fractions, followed by polysaccharides, cellulose and 
hemicelluloses, and finally lignin. It has long been recognized that the fractional loss rate 
declines with time and this decline reflects the decline in the quality of the remaining 
substrate (Minderman, 1968, Mellilo et al., 1989; Bending et al., 1998). 
Litter as a Nutrient Source 
A cursory look at the key nutrient (e.g. N, P) concentration in primary resources and 
decomposer tissues makes it clear that there is a greater concentration of nutrients in 
decomposing organisms than in the primary resources on which they feed (Table 2.2). 
Thus, it can be deduced that nutrient limitations may be a fairly common occurrence in 
decomposition. This obviously makes nutrient concentrations in litter as a possible attribute 
of litter quality. This is discussed further in the "litter quality parameters" section. The 
nutrient concentrations in herbaceous and deciduous tree leaf-litters were higher than that in 
coniferous leaf litter. The lowest concentrations are found in woody tissues. In case of 
wood litter, it is also evident that the nutrients are almost entirely associated with the living 
cells so that the inner bark has a different quality to the rest of the wood. The variations 
observed in decomposition rates of litter of different species and also amongst litter 
components (earlier section) can be partly attributed to the variations in nutrient 
concentration. 
Modifiers 
The presence of certain chemical components in litter greatly enhances or hinders the 
decomposition processes. Modifiers are the chemical components of resources which, 
because of their molecular structure, influence the activity or behavior of decomposer 
organisms by means other than as sources of C energy or nutrients. 
Table 2.2 Nutrient concentration in some selected plant species and decomposers (% dry weight). 
Species Source N P K Ca 
Litter source 
Deciduous leaf Populus tremuloides I 0.56 ·0.15 0.60 2.35 
Conifer leaf Pinus contorta 1 0.51 0.04 0.15 0.55 
Herb leaf Rubus chamaemorus 2 1.31 0.07 0.09 0.85 
Shrub shoot Callunus vulgaris 2 1.38 0.07 0.09 0.34 
Tree root large Quercus petraea 3 0.50 0.06 0.20 0040 
Tree root small Q. petraea 3 0.90 0.10 0040 0040 
Bark Q. petraea 3 0.50 0.17 0.08 0.50 
Sapwood Q. petraea 3 0.16 0.02 0.14 0.05 
Decomposer tissue 
Mycelium 
Leaf fungus Mycena galopus 4 3.60 0.24 0.57 
Wood fungus Stereum hirsutum 5 1.34 0.09 0041 0.79 
Sporocarps 
Forest floor sporocarps Russula cfmacrocystidiata 6 2.71 0.38 2.21 0.03 
Forest floor sporocarps Gallacea scleroderma 6 4.70 0.50 1.37 0.09 
Dead spars and logs Daldinia concentrica 6 1.21 0046 2.15 0.03 
sporocarps 
Dead spars and logs of Pluteus cf readii 6 5.51 
sporocarps 
Sources: 1 Daubenmire and Prusso (1963) 
2.Heal et al.,(1978) 
3.Allen et al., (1974) 
4. Frankland et aI., (1978) 
5. Swift (1977) 
6. Clinton et al . (1999) 
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0.06 
0.08 
0.11 
0.03 
0.01 
0.10 
0.08 
0.08 
0.06 
w 
w 
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Most prominent among the compounds that have been studied are the plant protection 
chemicals mostly of an aromatic, particularly polyphenolic nature. Walker and Stuhmann 
(1955) showed that the polyphenol, protocatechuic acid, in the dead scale leaves of onion 
(Allium cepa) was a factor conferring resistance against Colletotrichum circinans. Cole and 
Wood (1961) showed that a number of polyphenols, including chlorogenic acid, inactivated 
the polygalacturonase enzymes of a common brown rot invader of apples. Meentemeyer 
(1978) stated that polyphenolics are effective protractors of decomposition and nitrification 
in many systems, which was supported by several others (Gosz, 1981; Baldwin et al., 
1983). Lignin (consists of aromatic polymers) itself is resistant to enzymatic degradation 
and its content is often negatively correlated with decomposition rates (Berg and Agren, 
1984; Wessen and Berg, 1986; Homer et al., 1988). Harborne (1997) concluded that plant 
phenolics have a number of interesting and varied ecological roles in the life of a plant. In 
particular, they appear to be important in protecting plants from herbivory and or microbial 
infection, although the evidence for this is still largely circumstantial and requires much 
further experimental verification. 
The abundant evidence for the role of polyphenols is not matched for other chemicals. 
Other types of chemicals include antibiotics formed by micro flora during decomposition. 
The significance of antibiotics to decomposition processes is unclear. This is not strictly a 
resource quality phenomenon as these substances are more usually associated with 
competition between active microorganisms than as a component of resources. 
Not all modifications of activity are inhibitory. Specific growth factors required by 
decomposer organisms such as amino acids or vitamins may be present in the primary 
resources or released through root exudations (Rouatt, 1967). These growth factors can 
influence the distribution of organisms and the rate at which they catabolise organic matter. 
Litter Quality Parameters 
The importance of litter quality as a factor in controlling decomposition rates of litter has 
been well documented (e.g. Fogel and Cromack, 1977; Berg and Staaf, 1981). There are, of 
course, different ideas as to what constitutes litter quality. But the main emphasis in litter 
decomposition research has been to find ways of predicting the rate of litter decomposition, 
and more importantly the rate of nutrient release, from the chemical composition of the 
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source. A variety of predictive equations have been proposed. The carbon to nitrogen1 
(C:N) ratio remains a significant feature of such formulae which was well established as a 
general index of litter quality over 70 years ago (Waksman and Tenney, 1928). Almost 50 
years later, Jenkinson (1977) stated that during decomposition the quality of litter declines 
with time and he attributed this decline to the successive loss of more readily decomposed 
substrates, leaving the more resistant fractions (lignin) although the formation of resistant 
polymeric compounds may also be involved. Herman et al. (1977) concluded that C 
mineralisation is better predicted by a combination of C:N ratio and the 
lignin:carbohydrates ratio than C:N ratio alone. Numerous workers have suggested that 
initial lignin content (Fogel and Cromack, 1977) or initiallignin:N ratio (Melillo et al., 
1982) are reasonable predictors of the rate of decomposition. Lang and Forman (1978) 
showed that net mineralisation of elements from decomposing litter occurs only after a 
critical C: element ratio is reached within the decomposing organic matter. 
Berg (1986) developed a conceptual model connecting litter quality to the decomposition of 
a selection of organic compounds. In his model litter decay is divided into two parts (i) the 
decomposition of labile fractions (hydrosolubles, non-lignified cellulose and hemicellulose) 
as controlled by N, P and S concentrations, and (ii) decomposition of lignified 
carbohydrates which depends on the initial lignin content and increases as cellulose content 
increases in lignified material. Berendse et al. (1987) expressed explicit relationships 
between litter composition (concentration of nutrients, lignin and polyphenols), mass loss 
and microbial growth in a theoretical model. The model predicts negative relationship 
between mass loss and lignin and a positive correlation between mass loss and initial N 
concentration. 
A new parameter was added by McClaugherty and Berg (1987) who described annual mass 
loss as a function of holocellulose (cellulose and hemicellulose) to lignocellulose 
(holocellulose + lignin) quotient (HLQ). Melillo et al. (1989) were convinced that the 
(lignin to lignin + cellulose ratio) lignocellulose index can be a good indicator of N 
mineralisation rate (mobilization or immobilization). Hart et al. (1992) used initial N 
concentration, hot water soluble (HWS) compounds concentrations, C:N ratio, and lignin: 
N ratios as indices of litter quality. However, Hart et al. (1992) observed that initial organic 
1 Words in italics are different initial litter quality parameters used to predict decomposition. 
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chemical composition had little effect on litter decomposition rates. This suggests that the 
overall quality of litter becomes more uniform during decomposition presumably owing to 
the redistribution of N within litter (Berg, 1988). Such redistribution of nutrients within 
litter during decomposition may be an important process in stabilizing nutrient supply 
within forest litter horizons. Geng et al. (1993) reported that lignin content influenced the 
mass loss of leaf litter from four tree species (Acer mono, Quercus mongolica, Pinus 
koraiensis and Populus davidiana). They further observed that lignin: N ratio, water 
soluble substances and other variables are also important in determining the rate of 
decomposition. Gallardo & Merino (1993) concentrated on the decomposition processes 
and concluded that processes like leaching also can be the predictors of mass loss of litter. 
Wesemael {l993) used C:N, C:P and C:S ratios as indicators of net mineralisation rates. 
Johansson (1994) confirmed theoretical model developed by Berg in 1986 by stating that in 
the initial stages, solubles and carbohydrates (cellulose and hemicellulose) have a rate 
regulating effect but in later stages lignin has the rate regulating effect. In the same 
experiment Johansson (1994) found a positive relationship between lignin decomposition 
and Ca concentration of the litter, which was attributed to the effect of Ca on growth of 
fungus which degraded lignin. 
Gillon et al. (1994) stated that the relative importance of the labile and resistant 
compartments (in controlling litter decomposition) to a large extent was related to the initial 
contents of water soluble substances and C contents in the litter. It was found that the labile 
component of the litter increased with water-soluble substances (soluble sugars) content 
whereas the litters with high initial C content had more resistant compor.ent. However, 
Gillon et al. (1994) did not observe any significant relations between the relative 
proportions of labile and resistant compartments and N, P or lignin. Prescott (1996) found 
that the forest floor type had a significant effect on the rate of birch leaf litter 
decomposition. The litter decomposed faster in forest floor with low C:N ratio (25) than in 
the forest floor with high C:N ratio (59). Further it was observed that the rate of 
decomposition was inversely related to the concentrations of extractable N in the forest 
floor. 
According to Cortez et al. (1996), in the case of freshly-fallen litter, the morphological 
characteristics (physical structure and toughness) of leaf are better predictors of litter decay 
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than chemical composition. Rutigliano et al. (1998) found that C : element ratio and the 
initial total N content were the indicators of the litter decomposition rate. Fioretto et al. 
(1998) stated that manganese (Mn) content of stone pine litter determined the rate of litter 
decomposition and it was observed, in their study, that the low Mn (Mn is essential for the 
activity of the enzymes degrading lignin: Mn-peroxidase and lignolytic enzymes) and high 
lignin (initial) content were the reasons for slow decomposition rate. 
Fresh plant residues are known to have low C:N ratios and they decompose rapidly but the 
N mineralisation potential may be affected by complexing of proteins by polyphenols and 
therefore the polyphenols:N ratio might be a good indicator of litter quality (Heal et al., 
1997). One year later Mafongoya et al. (1998) studied N mineralisation patterns of litters 
from seven leguminous trees and in their study the amount of ammonium and nitrate N 
released was not related to polyphenol and insoluble tannin but to lignin concentrations and 
neutral detergent fibre N (NDF-N) concentrations. They observed that the soluble 
polyphenol:N and (lignin+polyphenol): N were negatively correlated to N release and 
concluded that the total polyphenol content was not a useful predictors of N release, but the 
reactivity of the polyphenols as measured by their protein binding capacity can be a useful 
predictor of decay rate. A summary of the major litter quality indices which are known to 
influence the decomposition processes can be found in Table 2.3. 
Table 2.3 Some of the litter quality (chemical) parameters that have been used to predict 
decomposition and mineralization rates. 
Litter Quality parameter 
C:N ratio 
Lignin concentration 
Lignin:soluble carbohydrates ratio 
C:element ratio 
Lignin:N ratio 
Nutrient concentrations (N, P, S,Ca) 
Lignin: Cellulose 
HLQ 
Ligna-cellulose index 
Hot water solubles (HWS) 
Polyphenol concentration 
Polyphenol :N 
Lignin+Polyphenol:N 
Manganese(Mn) concentration 
Reference(s) 
Waksman and Tenny,(1928) 
Fogel and Cromack (1977) 
Herman et al. (1977) 
Lang and Forman (1978) 
Mellilo et al. (1982), Hart et al. (1992), Geng et al. 
(1993) 
Berg (1986) , Johansson (1994) 
Berg (1986) 
McClaugherty and Berg (1987) 
Melillo et al. (1989) 
Hart et al. (1992), Gillon et al. (1994) 
Heal et al. (1997) 
Heal et al. (1997) 
Mafongoya et al. (1998) 
Fioretto et al. (1998) 
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Physical Quality of Litter 
As the chemical composition of a litter influences the rate at which it decomposes, so does 
its physical characteristics. As the chemical composition changes, so the physical character 
changes. In this section, the nature of (coniferous) litter and influences of this physical 
character on decomposition is discussed. The physical features that influence the litter 
decomposition rate are threefold; surface properties, toughness and particle size. 
SUiface Properties 
The waxy surface of living leaves is hydrophobic and thus restricts the development of 
water films. The germination of fungal spores and colonization of microbes may be 
dependent on moisture availability being established. Conifer leaves vary considerably in 
shape: from needles, found typically in Pinus, Abies and Picea, through the flattened 
minute leaves in Cupressus, Thuja and Chamaecyparis to the simple angiosperm-like 
leaves found in some species of Podocarpus. In most groups the leaves can be retained on 
the trees for more than one year but Larix and Metasequoia are deciduous (Millar, 1974). 
The leaves usually have a thick waxy cuticle which may be covered with tubules. The 
waxes are continuous over the stomata where they form an interlaced mat of tubules which 
influence gaseous exchange and must prevent the direct entry of larger fungal spores. 
Toughness 
It is generally accepted that the penetration of plant cuticles by fungal hyphae is largely a 
mechanical process with little enzymatic softening of the plant surface involved. Toughness 
has received little attention as a possible component of resource quality. Gallardo and 
Merino (1993) developed a toughness index of residue and proposed leaf toughness as an 
index of substrate quality. Silica content is responsible for leaf toughness and has been 
reported to affect the digestibility of plant material and its decomposition (Goering and Van 
Soest, 1970; Ma and Takahashi, 1989). In general, the greater the silica content, the slower 
the decomposition rate. 
Particle Size 
The relationship between surface area and volume of resource particles influences the 
pattern of their decomposition in a number of fundamental ways. It determines the patterns 
of colonization by micro-organisms. Litter material with small particle size may facilitate 
the surface growing unicellular while lager litter size may lead to colonization of 
penetrative mycelial forms. Small particles may decompose faster than larger particles 
because of the increased surface area and greater dispersion in soil increasing the 
susceptibility to microbial attack due to lack of lignified barrier tissue (Summerell and 
Burgess, 1989), especially if residues are not penetrated readily by fungi and bacteria 
(Amato et ai., 1984; Nelson et ai, 1996; Angers and Recous, 1997). 
2.4.2 Physico-chemical Environment 
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The physico-chemical environment influences all three of the decomposition processes 
(catabolism, leaching, and comminution). The decomposers and the decomposition 
processes respond to the interactive effects of a wide range of factors. Climatic variables 
such as availability of moisture and temperature have a fundamental influence on 
decomposition however; the availability of free-water is essential to the maintenance of 
decomposer activity and is modified by the nature of the micro-habitats. This availability is 
partially determined by the size and shape of the resource particles, indicating the 
interactive nature of environmental and resource factors. In addition to the climatic 
variables, soil environmental variables such as aeration and the pH also affect the activity 
of decomposer organisms. The chemical and physical nature of soil is largely determined 
by the nature of parent materials from which the soil is derived. The physico-chemical 
environment of decomposition processes can therefore be conveniently sub-divided into 
climatic and edaphic variables. 
Climatic Factors 
The importance of climatic variables as rate regulating factors in decomposition processes 
has been demonstrated in several studies (Mikol a, 1960; Bunnell et ai., 1977; Fox and Van 
Cleve, 1983; Meentemeyer and Berg, 1986). 10hannson (1994) found a positive linear 
correlations between mass loss rates for Scots pine litter and climatic factors (temperature 
index, precipitation). Effects of temperature and moisture content of forest floor on soil 
microbial activity has been reported in several studies. For example, strong correlations 
between CO2 evolution from the forest floor and temperature have been reported by 
Reiners (1968) and Witkamp (1971). Fox and Van Cleave (1983) showed that forest floor 
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decomposition in 16 Alaskan taiga forest2 stands was correlated with the forest floor heat 
sum. Another climatic factor found to be positively correlated to litter decomposition is the 
actual evapotranspiration (Meentemeyer and Berg, 1986). This factor was found to explain 
about 78% of the decomposition of Scots pine needle litter in Sweden. Johansson et aZ. 
(1995) stated that the dominant rate regulating factor in the early and late stages of Scots 
pine needle litter, at 22 sites over a 2000 km long transect was climate (annual temperature, 
and actual evapotranspiration). Edmonds and Thomas (1995) concluded that temperature 
was the dominant factor controlling the decomposition rates of green needles of western 
hemlock (Tsuga heterophylla) and Pacific silver fir (Abies amabilis) in an old-growth 
forested watershed in Washington. 
Edaphic Factors 
Soil pH 
The role of pH is among the most difficult of environmental factors to understand but is of 
central importance. Both the soil pH and the pH of the decomposing litter influence the 
decomposition process. Most leaf litter is acidic in pH and conifers have more acidic leaf 
litter than hardwood deciduous trees. The pH of soil and litter affects both the nature and 
size of the population of microorganisms and the multiplicity of enzymes at the microbial 
level, which subsequently affect decomposition (Paul and Clark, 1989). Bacteria tolerate 
relatively narrow ranges of pH at the alkaline end of the spectrum in contrast to fungi which 
have generally broad optima but are most active at low pH. In general, the decomposition 
of litter proceeds more rapidly in neutral soils than in acid soils, while liming acid soils 
accelerates the decay of plant tissues and soil organic matter (Condron et aZ., 1993). 
Soil Temperature 
Temperature affects the physiological reaction rates of organisms and the activity of 
microbial cells by the laws of thermodynamics and hence microbial activity (Paul and 
Clark, 1989) and residue decomposition (De-Neve et aZ., 1996). In the upper layers of soil, 
a steep temperature gradient exist (Macfadyen, 1968). The temperature at the surface is 
often related to the air temperature and litter acts as an insulating layer on soil. Litter 
2 Taiga or Boreal forest is characterized by the coniferous forest -lands of Eurasia and 
North America. 
temperature is usually close to that of air, generally being a little lower. Microorganisms 
function at maximum growth and activity in the temperature range of20-40°C and show 
maximum decomposition in this range (Stott and Martin, 1989). 
Soil Moisture 
Soil moisture affects the growth and activity of microorganisms that decompose the litter 
(Schomberg et ai., 1994). Pal and Broadbent (1975) showed that the maximum rate of 
decomposition for plant residues occurred at 60% water holding capacity but the rates 
decreased at either 30 or 150% WHC. Thomsen (1993) reported more soil microbial 
biomass on straw addition under moist soil conditions than under wet conditions. Thus, 
both very dry and very wet conditions of soil inhibit decomposition by limiting either 
moisture content or soil aeration for microbial activity. 
Soil Aeration 
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Aeration of soil is directly associated with soil moisture content. Decomposition and 
mineralization are slower and less complete under anaerobic conditions than aerobic 
conditions (Pal and Broadbent, 1975; Murthy et ai., 1991; Kretzschmar and Ladd, 1993). 
When soils become so wet that larger pores are filled with water, the decomposition of 
organic matter is limited by the rate at which oxygen can diffuse to the site of microbial 
activity, as the diffusion coefficient of oxygen in water is 10,000 times slower than in air. 
Thus, even a modest oxygen demand cannot be met if larger soil pores are filled with water 
(Jenkinson, 1988). 
Soil Salinity 
The effect of soil salinity on decomposition is generally attributed to the direct influence of 
osmotic potential on microbial activity (Johnston and Guenzi, 1963) or through the 
alteration of pH, soil structure, aeration, and other factors (Nelson et ai., 1996). Nelson et 
ai. (1996) concluded that sodicity increased and salinity decreased the decomposition of 
finely ground plant residues, with no significant interaction. 
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Soil texture, structure and clay content 
Jenkinson (1977) and Ladd and Foster (1988) showed that the decomposition of plant 
materials was more rapid in soil with less clay content because the clay protected the 
organic matter from decomposition. As clay content increases, soil surface area also 
increases, which results in an increased soil organic matter stabilization potential 
(Sorenson, 1981; Merckx et ai., 1985; Jenkinson, 1988; Saggar et ai., 1996). This stabilized 
organic matter has turnover time ranging from 10-1000 years (Parton et ai., 1987). The role 
of clay in stabilizing organic matter appears to be more important in warmer soils where 
higher decomposition rates can be expected. In cold soils, cool temperature may be the 
main factor slowing decomposition, and clay content may be less important (Anderson, 
1995). Soil texture also influences soil physical environment, for example, the moisture 
content of the soil (Has sink et ai., 1993), which further affects microbial activity (Killham 
et ai., 1993). Soil structure also exerts a dominant control over the stabilization of soil 
organic matter (Van Veen and Kuikman, 1990; Ladd et ai., 1996) and organic matter is 
protected by microaggregates (Tisdall and Oades, 1982; Oo1chin et ai., 1994). 
Drying and Rewetting 
The effect of drying and re-wetting on the decomposition of plant residues is unclear. For 
example, Van Schrevan (1968) found that although drying stimulated the subsequent 
mineralisation of C an N from soil humus, it retarded the decomposition of fresh plant 
residues. In another study, soil drying and wetting were found to promote the turnover of C 
derived from added 14C-Iabelled plant material and the increase in C was mainly due to an 
enhanced turnover of microbial products (Van Oestel et ai., 1993). 
2.4.3 Decomposer Community 
Most of the work on microflora in relation to the decomposition of coniferous litter has 
been done on pine (Black and Dix, 1977; Hayes, 1965; Watson et ai., 1974). In general, the 
early colonizers of coniferous leaf litter are bacteria, Ascomycetes, Deuteromycetes (fungi 
imperfecti), and some Basidiomycetes, which attack simple carbohydrates and cellulose. 
These are followed by Phycomycetes, particularly members of the Mucorales which can 
utilize the fungal breakdown products, perhaps in combination with the mesofauna. 
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Microfloral succession starts when the leaves are in the bud (Pugh, 1974). Bud scales are 
colonized by fungi (Aureobasidium pullulans) and, at least in pines, fungus (Sclerophoma 
pithyophila). If the growing needles are damaged by abrasion or by insects they are often 
colonized by S. pityophila. Needles which are green and appear to be healthy often contain 
a variety of fungi. In maritime pine (Pinus nigra var. maritima (Aiton) Melville) and Scots 
pine most needles were infected by Lophodermium pinastri, which remains in quiescent 
state until the needle senesces (Kendrick 1958; Hayes, 1965). 
Fungi on living needles can be divided into three types: suface fungi which grow and 
sporulate only on the needle surface, e.g. Coniosporium sp. Trimmatostroma sp., and 
various yeasts; vigorous pathogens which can infect young and healthy needles, e.g. 
Lophodermella sulcigena, Coleosporium senescionis; weak pathogens, e.g.Lophodermium 
pinastri, Sclerophoma pityophila, which may enter the needle directly but remain in a 
quiescent state or which act as secondary invaders of tissue damaged previously by strong 
pathogens or insect pests. Thus, at needle fall, a variety of fungi may be present in or on the 
needles. 
Kendrick (1958) has done the most detailed study of the succession of fungi on 
decomposing coniferous litter (P. sylvestris) in the United Kingdom. During the first six 
months spent by needles in the L layer fungi (Fusicoccum bacillare and Lophodermium 
pinastri) fruited and then declined in frequency. Meanwhile another species of fungi 
(Desmazierella acicola) colonized the needles. In the F. layer the fungus (Aureobasidium 
pullulans) on the surface of needles was replaced by a different fungus (Hypomycetes) and 
a separate group of fungii (Helicoma monospora and Sympodiella acicola and D.acicola) 
dominated in the internal tissues. 
In the F2layer, which the needles entered in the third year after needle fall, the meiofauna 
assumed more importance. Ectophages continued to graze the fungal hyphae and 
conidiophores whilst endophages rapidly comminuted the needles which were attacked by 
Lophodermium pinastri and D. acicola. L pinastri, Ceuthospora pinastri, and 
Lophodermella species are widespread pine specific fungi which have been recorded 
frequently on living or senescent pine needles (Soma and Sito, 1983; Ponge, 1991). Needle 
fragments which escaped extensive internal attack accumulated in the F21ayer and were 
colonized externally by different species of fungi (Trichoderma and Penicillium) and 
internally by Basidiomycetes and a sterile dematiaceous form. Needles were in this layer 
for 7 years. 
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Kendrick (1958) did not study the humus layer but it seems clear from other studies that 
species of Mucor, Mortierella, Pencillium, Trichoderma and Chaetomium are dominant at 
this stage (Brandsberg, 1969). In addition, Actinomycetes were active in F2 and humus 
layers (Goodfellow and Cross, 1974). It is generally assumed that Actinomycetes and 
bacteria are intolerant of acid condition found in mor litter but Williams et al. (1971) have 
demonstrated the existence of both neutrophilic and acidophilic actinomycetes, in a 
pinewood soil in England. However the role of bacteria in acid litter decomposition is not 
clear. Stout (1961) in a survey of soils in New Zealand found an overwhelming dominance 
(104 g-l wet weight) of bacteria in the L layer under radiata pine. 
2.5 Litter Decomposition Methodology 
2.5.1 Mass Loss 
Litter Bags 
This is the earliest method used in decomposition studies and it is still widely used by many 
researchers (Brown and Dickey, 1970; Harper and Lynch, 1981; Cortez et al., 1996; 
Chadwick et al., 1998; Musvoto et al., 2000). Although the litter bag method is often 
attributed to Bocock and Gilbert (1957) or Bocock et al. (1960), the principle of confining 
known amounts of litter in order to follow its decomposition was used much earlier 
(Falconer et al., 1933; Gustafson, 1943). The method consists of enclosing plant material of 
known mass and chemical composition in a screened container. Initially, a large number of 
bags are placed in the field and at each subsequent sampling date a randomly chosen set of 
bags is retrieved and analyzed for loss of mass and/or changes in the chemical composition 
of litter. The total weight loss of litter enclosed in mesh bags is attributed to three loss 
components: leaching, microbial decomposition, and loss of particles through mesh 
openings. The initial weight loss is probably due to leaching and microbial decomposition 
of readily available substrate. In the later stages, decomposition proceeds and litter becomes 
more fragile, eventually disintegrating and causing a loss of litter particles from the mesh 
bags. 
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The litter bag method has the advantage of being cheap and simple. Also the litter bags are 
exposed to field conditions and are therefore a better reflection of natural conditions than 
laboratory experiments. However, the litter bag technique has been criticized for providing 
conditions potentially dissimilar from that in bulk soil and have a number of limitations 
(Heal et ai., 1997); only net changes are measured and the fate of material leaving the bag 
is ignored, thus over estimating the decomposition. In order to minimize the errors small 
mesh·sizes are normally used. However, fine meshes exclude soil animals that may 
influence decomposition (Jensen, 1985; Vreeken-Buijs and Brussaard, 1996), although 
House et ai. (1987) reported that the decomposition rate was independent of mesh size. 
Residues within the litterbags have been reported to have more moisture compared to 
unbagged residues and are thus more favorable for microbial activity (Vossbrinck et ai., 
1979). Also, when bags are used in arable soils, residues do not suffer the physical damage 
likely to result from contact with agricultural machinery during incorporation (Harper, 
1989). Tian et al. (1992) found a positive correlation between the decomposition rate and 
the mesh size of litter bags. This can be interpreted as an effect of increasing accessibility 
to soil fauna. 
Another problem arising from the use of litter bags is the significant quantities of soil 
adhering to the decomposing residues. Various cleanup procedures, such as brushing and 
washing with water (Brown and Dickey, 1970; Schomberg et ai., 1994; Vreeken-Buijs and 
Brussaard, 1996) have been used, but methods are not satisfactory as they most likely 
provide selective and incomplete removal of adhering soil components (Brown and Dickey, 
1970). Moreover, washing procedures undoubtedly remove water-soluble organic matter 
and nutrients from the residues (Douglas et ai, 1980). 
Microcosms 
Another approach gaining popularity in the recent years is the use of microcosms to study 
decomposition process (Gillon et ai., 1994; Cortez et al., 1996; Prescott, 1996; Henriksen 
and Breland, 1999). Microcosms, also known as" model ecosystems" (Cole et al., 1976), 
represent a compromise between the lack of control over important variables in field 
methods and lack of realism in laboratory methods and are one solution to relating 
laboratory results to field conditions. Microcosms are simplified analogues of natural 
ecosystems. They are designed to encapsulate a portion of the ecosystem (or subsystem in 
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some cases) with all or most of its normal structure and functions intact, while at the same 
time permitting sufficient control of environmental variables so that reliable, quantitative 
estimates of the process under consideration are possible. 
A typical microcosm which can be used for decomposition studies has been described by 
Taylor and Parkinson (1988a). The design allows the decomposition rates to be monitored 
in three ways: (i) by measuring mass loss of material placed on soil, (ii) by periodically 
sealing the chamber and measuring CO2 accumulation from samples extracted through the 
septum, or (iii) by trapping CO2 in alkali solution placed in a dish inside the sealed 
chamber. All the three methods have been used in different studies. Generally, five criteria 
are used to judge the applicability of microcosms to the field conditions, namely: accuracy; 
precision, replicability, simplicity, and efficiency. A detailed discussion on whether 
microcosms meet these criteria or not can be found in Taylor and Parkinson (1988a) who 
concluded that microcosms can meet all these criteria if carefully designed and employed. 
A major difference between microcosms and field conditions was the dramatic acceleration 
of decomposition rates in the microcosms (Taylor et al., 1989a). It has been assumed that 
decay in microcosms is merely compressed in time, due to constant temperature and 
availability of water. This is a great convenience, because long-term decomposition studies 
or studies of slowly decaying substrates could be carried out in a reasonably short time by 
using microcosms. The second aspect is, because the microcosm soil layer is only few 
centimeters thick, it cannot draw water from below, as natural soil can; as a result, under 
low watering regimes the soil may become unnaturally dry and, once dry, resist 
remoistening. Thus there may be a discrepancy between moisture contents in the laboratory 
and in the field under otherwise identical conditions. 
2.5.2 Carbon Dioxide Evolution 
This method measures CO2 evolution which results from the oxidation of litter by 
microorganisms (Stevenson, 1986; Ladd et al., 1995). In the C02 evolution method, 
evolved CO2 from microbial respiration is absorbed in an alkali solution, precipitated with 
barium chloride (BaCh) and subsequently estimated by titrating against standard 
hydrochloric acid (HCl), assuming the 1 ml of 1 M HCI releases 22 mg CO2 (Ladd et al., 
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1995). The C02 evolved from the soil amended with litter minus that from un-amended soil 
is taken as the rate of decomposition of the added litter (Has sink, 1994; Saggar et al., 
1996). This approach, however, has limitations, including analytical errors in measuring the 
long-term release of CO2, particularly when the amount of plant residues added is kept 
small, relative to the amount of native soil organic matter. Also, the assumption is made 
that the addition of plant residues to the soil does not alter the decomposition rate of the 
native soil organic matter (Stevenson, 1986). 
Nordgren (1988) developed an apparatus for the continuous, long term monitoring of the 
soil respiration rate in a large number of samples. The method is based on the principle that 
a decrease in electrical conductivity of the soil is directly proportional to the amount of CO2 
absorbed in the alkali solution. The method gives accurate measurements and is rapid. 
Apart from the automatic operation, the conductivity method has several advantages per se. 
The system is closed and involves no tubing and air-flows and each recorded observation is 
an average of about 1000 readings. 
Many variations exist in the methods used for measuring C02 (Alef and Nannipieri, 1995) 
such as the use of biometer flasks (OECD, 1981; Haigh, 1993) and, more recently, infrared 
(IR) gas analysers (Alef and Nannipieri, 1995). These CO2 evolution methods have also 
been used to characterize the decomposition in field conditions using both static chambers 
and dynamic chamber methods (Jensen et al., 1996). The advent of portable IR gas analyser 
made it possible to measure the rate of CO2 evolution within a short time in the field (Alef 
and Nannipieri, 1995; Magid et al., 1997b). 
2.5.3 In Vitro Perfusion Method 
The in vitro perfusion method is a further advancement of the traditional C02 evolution 
technique. This method uses a closed, continuous air flow system in which the plant 
material is allowed to decompose in a medium of constant strength (Nyami, 1992). The 
evolved CO2 is absorbed in alkali solution as discussed above. The rate of C02 production 
is used to describe the rate of plant residue decomposition. The perfusion apparatus of 
Nyami (1992) which was made from glass, is expensive to make and difficult to use. Using 
simple components used in health care, Lefroy et al. (1995) developed an apparatus that 
provides comparable results and is simple to use. 
2.5.4 Lignin Analysis 
48 
Lignin analysis is a method that tries to avoid the limitations of the litter bag. It is based on 
the measurement of lignin content in residues, which increases as decomposition proceeds 
(Harper, 1989). In this method weight loss of litter can be estimated from the increase in 
lignin content. Although initial weight loss could be estimated by lignin content as decay 
proceeds the deviations from the actual weight loss increases, probably resulting from 
lignin decay at later stages (Harper, 1989). Also, lignin decomposition can be enhanced by 
earthworms, which may lead to the underestimation of residue decomposition (Scheu, 
1993). Thus this method needs calibration relating the periodic increase or decrease in 
lignin content with decomposition under the influence of soil, environment and biotic 
factors (Harper, 1989). 
2.5.5 Size Density Fractionation 
The rate of decomposition can also be estimated by determining the temporal distribution 
of plant residues in different density and size-density fractions of organic matter (Magid et 
al., 1996). This approach has been used successfully to study the decomposition of plant 
residues and estimates of decomposition from particulate organic matter (POM) were in 
qualitative agreement with those based on field-C02 fluxes (Magid et al., 1997a). This 
method shows considerable potential but needs to he tested for different kinds of residues. 
It can be applied without much problem to residues that are predominantly insoluble in 
water, as recovery of the POM fraction necessitates a decantation or flotation step. 
However, the technique leads to a mixing of added residues with native soil organic matter, 
thus requiring an unamended control treatment. A major advantage of this technique is that 
added residues are completely exposed to the soil environment and thus the full range of 
fauna and other soil interactions. 
2.5.6 Isotopic Techniques 
This method uses the detection of stable or radioactive isotopes (e.g. 15N, 14C, \3C) in the 
amended plant materials as a means of determining the extent and rate of decomposition of 
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residues. Carbon-14 e4C) is the most extensively used isotope in decomposition studies 
(Ladd et al., 1995). It has also been used in studying transfer of C from light to heavy 
density fractions (Has sink and Dalenberg, 1996), and soil organic carbon turnover rates 
(Goh, 1991). The method elucidates decomposition through measurements of either 14C02 
evolution or the remaining 14C-Iabelled residues. Cabron-14 is useful for long term studies 
of litter decomposition up to five years (Goh, 1991; Saggar et al., 1996). The use of 15N is 
also common in decomposition studies because N release is strongly correlated to the rate 
of decomposition (Muller and Sundman, 1988; Vanlauwe et al., 1996). Labeled residues 
are placed in small cylinders to prevent contamination by unlabeled materials. At periodic 
intervals, soil is removed from the cylinder and analysed to measure the quantity of label 
remaining. This approach permits the direct measurement of the fate of plant litter, but is 
usually limited to small scale studies because of the cost of establishment and analysis 
(Berg, 1988; Cadisch et al., 1993; Baldock and Preston, 1995; Nelson et al., 1996; 
Gregorich and Janzen, 1998). 
2.5.7 13e Nuclear Magnetic Resonance 
A recent advancement in studying decomposition is through the use of the nuclear magnetic 
resonance (NMR) spectroscopy technique. It has also been used in organic chemistry and 
characterizing soil organic matter compounds (Preston, 1996). This technique can show 
changes in levels of specific functional groups of decomposition products. The common 
functional groups that are targeted are alkyl C, O-alkyl, aromatic C and carboxyl groups 
(Inbar et al., 1989; Preston, 1996; Parfitt and Newman, 2000). The changes in chemical 
composition of litter are directly related to the stages of decomposition. In the initial stages 
of decomposition there will be a decrease in the carbohydrates concentration (reflected by 
the decrease in O-alkyl C) and a concomitant increase in the concentration of aromatic 
compounds like lignin (reflected by an increase in aromatic C) (Preston et al., 1990). These 
changes can be quantified or qualitative changes can be displayed in the forms a 
spectrogram (Preston, 1996). 
2.6 Modeling of Decomposition Processes 
Mathematical models have been developed to describe the litter mass loss over time. Most 
of the models are based on the concepts of microbial activities. These concepts have been 
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abstracted and simplified by Paustian et al. (1997). The most frequently used model to 
describe decomposition is the single exponential decay function, first proposed by Jenny et 
al. (1949) and discussed in detail by Olson (1963). In this model a single constant, k, 
characterizes the mass loss. The assumption underlying the single exponential model is that 
the relative decomposition rate remains constant. This implies that the model treats litter as 
a homogeneous substrate. However, in reality the relative proportion of recalcitrant 
material in litter will increase with time and the absolute decomposition rate should 
decrease. Thus, single exponential decay function can explain only short-term 
decomposition rates (Paustian et al., 1997). 
Because of two-step nature of decomposition dynamics the single exponential decay model 
has been modified into the double exponential decay model (Berg and Agren, 1984). The 
double exponential decay model assumes that litter can be partitioned into two components, 
a relatively easily decomposed or labile fraction, and a more recalcitrant fraction. Labile 
and refractory fractions decay exponentially at rates characterized by kJ and kr, respectively. 
The total decomposition is represented by the sum of the losses from each fraction. The 
double exponential decay model represents a mathematical compromise between the single 
exponential function and the ideas of Minderman (1968), who suggested that each of 
several fractions of fresh litter would decompose exponentially and that the total 
decomposition should be represented by the sum of individual fractions. 
However, in reality litter fractions do not decompose independently and there will be 
interactions amongst the fractions. Additionally, secondary substrates (e.g. microbial 
biomass, dead soil animals etc.) will be added to litter pool as decomposition proceeds. 
Therefore, in order to predict total mass loss and the decomposition of primary litter 
fractions, the formation and turnover of secondary decay products need to be included. This 
has led to the development of OM turnover models, where OM pools representing 
secondary decomposition products are included (e.g. CENTURY, (Parton et ai., 1987); 
Rothamstead (Jenkinson et ai., 1987); CERES (Godwin and Jones, 1991)). 
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2.7 Dissolved Organic Matter 
Dissolved organic matter (DaM) in soils plays an important role in the biogeochemistry of 
C, Nand P and is a major controlling factor in soil formation, mineral weathering (Raulund 
and Rasmussen et al., 1998), and pollutant transport (Kalbitz et al., 1997; Marschner, 
1999). Most of what is collectively termed DaM in soil are complex molecules of high 
molecular weight, namely, humic substances (Kalbitz et al., 1997). A general chemical 
definition of DaM is difficult. Dissolved organic matter is often defined operationally as a 
continuum of organic molecules of different sizes and structures that pass through a filter of 
0.451lm pore size. 
Recent findings emphasize the turnover of dissolved organic carbon (DOC), dissolved 
organic nitrogen (DON) and dissolved organic phosphorus (DOP) in soils as major 
pathways of element cycling (Herbert and Bertsch, 1995; Lajtha et al., 1995; Currie et al., 
1996). Chardon et al., (1997) emphasised the importance ofDOP as the predominant form 
of P in subsoil solutions of agricultural soils (more than 70% of the total P at 70cm depth). 
The primary origin of DaM is still under debate in spite of numerous studies which have 
been done on the release of DaM. McDowell and Likens (1988) hypothesised that leaching 
and microbial decay of humus rather than of recent litter are largely responsible for DOC 
production in the forest floor. In contrast, Qualls et al. (1991) reported that within 
deciduous forest ecosystem, the greatest net increases in the fluxes of DaM occurred in the 
litter layer. Futhermore, Qualls and Haines (1991) observed unusually high levels of a 
hydrophilic neutral fraction of DaM in samples collected just after maximum litterfall. 
Since this fraction is assumed to consist mainly of simple sugars and nonhumic-bound 
polysaccharides, this result could be interpreted as a significant contribution of recent 
litterfall to the temporal variation in the DOM production rate. Casals et al. (1995) 
observed that most of the organic N in the forest floor leachate in pine forests originated 
from the freshly fallen litter and the partially decomposed litter layers of the forest floor. 
The soil microbial biomass is also considered a potentially important source of DaM 
because it is highly labile (Williams and Edwards, 1993). Recent studies of fractionation 
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and structural analysis of DOM in soil solutions have shown that microbial metabolites 
constitute a significant proportion ofDOM (Guggenberger et al., 1994; Huang et al., 1998). 
The input of DOM into soil is controlled by the amount of litter fall (Lundstrom, 1993; 
Casals et al., 1995) and the litter quality (Kuiters, 1993). Soil solutions from mixed and 
coniferous stands often contain significantly more soluble C and N than those from 
hardwood stands (David and Driscoll, 1984; Currie et al., 1996). The DOC export from 
coniferous forests was 50% higher than from hardwood stands (Cronan, 1990). Kuiters 
(1993) demonstrated that leaching of deciduous leaves produced more DOC (10-25 mg C 
g-l dry matter) than from coniferous needles «5 mg C g-l dry matter). This difference was 
attributed to the differences in water permeability of leaves. Few attempts have been made 
to relate DOM production rates in the soil to the substrate quality of litter and humus. 
Northup et al.(1995) showed that in a Bishop pine (Pinus muricata) forest ecosystem 
characterized by extremely acidic and infertile soil, the polyphenol concentration of needle 
litter controls the release rate of DON. The DON released was directly utilized by 
mycorrhizae (Northup et al., 1995). Kalbitz and Knappe (1997) showed in a column 
leaching experiment that a wide C:N ratio of soil organic matter, a high content of hot-
water soluble organic C, and a high proportion of hot-water soluble organic C to the total 
organic C content determine the amounts of DOC released from topsoil. Godde et al. 
(1996) showed that soils with higher C:N ratios showed higher DOC mobilization. 
Parameters such as the content of C or nutrients (N, P) in soil or ratios between C and 
nutrients (e.g. C:N, C:P) are often not significantly related to DOM release rates (Cortina et 
al., 1995). During the earlier states of decay litter can release organic leachates independent 
of microbial demand for inorganic nutrients and therefore leaching of DOM is not 
necessarily constrained by the ratios of C to Na or C to P (Williams and Edwards, 1993). 
2.7.1 Fate of Dissolved Organic Matter in Soil 
It is generally assumed that adsorption of DOM to mineral surfaces is far more important 
than decomposition of DOM in reducing the DOM concentrations in soil solution from 
mineral soils. Jardine et al (1989) concluded that physical adsorption (hydrophobic 
interactions) driven by favorable entropy changes is the dominating process. Organic matter 
already adsorbed to the mineral complexes (Vance and David, 1992), and soil solution 
53 
chemistry such as presence of anions (Jardine et al., 1989), pH (Gu et al., 1994; Kennedy et 
al., 1996) control the DOM adsorption dynamics. 
In addition to these factors environmental controls such as temperature (Mulholland et al., 
1990; Liechty et al., 1995; Michalzik and Matzner, 1999), soil moisture (McDowell and 
Wood, 1984; Kalbitz and Knappe, 1997; Zsolnay et al., 1999), precipitation and water 
fluxes (McDowell and Wood, 1984; Godde et al., 1996; Michalzik and Matzner, 1999), 
freezing and thawing cycles (Yavitt and Fahey, 1985; Currie et al., 1996), N deposition 
through fertilization (Cronan et al., 1992; Aber et al., 1998), land use and management 
(Sollins and McCorison, 1981; Ellert and Gregorich, 1995; Rochette and Gregorich, 1998) 
will all control the release and fate of DOM in soil. 
Although Guggenberger et al. (1994) postulated that predominantly abiotic factors control 
the DOM retention in mineral soil many laboratory studies have shown that a considerable 
portion of DOM can be decomposed by microbes. These studies ranged in duration from 
hours (Yano et al., 1998) to days (Block et al., 1987) to months (Qualls and Haines, 1992). 
According to Yano et al. (1998), between 12 and 44% of DOC released from the forest 
floor could be decomposed in solutions by the indigenous microbes. DOC decomposition 
was also related to N status, biodegradability of DOC was higher in plots with high N 
status. Other experiments have estimated that the biodegradable fraction of DOC is 
between 10 and 40% (Gron et ai., 1992; Nelson et al., 1994; Boyer and Groffman, 1996). 
These studies highlight that a distinction between labile and refractory DOC fraction is 
reasonable (Zsolnay and Steindl, 1991). 
Isotope studies support the hypothesis that DOM released in the topsoil is subject to further 
microbial decomposition (Schiff et ai., 1990). It is reasonable to assume that the chemical 
properties of DOM affect the rate by which it is decomposed by microbes. Hydrophobic 
acids, which are preferentially adsorbed in mineral soil horizons, are less accessible to 
microbial decomposition than hydrophilic components (Qualls and Haines, 1992). 
Therefore, the more labile DOM components should be preferentially decomposed in soil 
solution. Correlations have been found between the biodegradable part of DOM and its 
elemental composition (Sun et ai., 1997). Boyer and Groffman (1996) found water-
extractable humic acids were more bioavailable than water-extractable fulvic acids. These 
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results challenge the generally accepted opinion that humic acids,because they are high 
molecular weight organic molecules (Tate, 1987), are more refractory than low molecular 
weight fulvic acids. Piccolo (1998) suggests that humic substances are associated 
aggregates of small molecules rather than macromolecules. Therefore, a prediction of the 
bioavailability of DOM on the basis of its molecular weight seems inappropriate. 
2.8 Translocation of Carbon and Nutrients from Litter 
Net immobilization of nutrients by the microbial community associated with the surface 
plant litter is well documented (Gosz et ai., 1973; Melillo et ai., 1982; Blair et ai., 1992). 
Potential inputs of nutrients to soil include biotic mediated inputs (including fungal 
mediated elemental translocation) and abiotic inputs (Frey et ai, 2000). Few studies have 
been done to quantify the relative contribution of these mechanisms. 
However, several observations suggest that filamentous fungi contribute significantly to N 
flux. Tracer studies with 15N-Iabeled inorganic N have confirmed both the lateral and 
upward movement of significant quantities of 15N from mineral soil to decomposing 
residues in forest and grassland ecosystems (Schimel and Firestone, 1989; Hart and 
Firestone, 1991). Frankland et ai. (1990) demonstrated that filamentous fungi can 
translocate nutrients between spatially separated resources over considerable distances. 
Large fluxes and rapid rates of translocation of C and mineral nutrients through hyphae 
have been demonstrated in mycorrhizal and wood decaying, cord forming fungi (Frankland 
et at., 1990). It has been argued that the ability of fungi to bridge the soil-litter interface in 
no-tillage systems and translocate N from inorganic N pool into surface residues allows 
them to proliferate on and more readily decompose an other wise C-rich but N poor 
substrate (Hendrix et ai., 1986; Holland and Coleman, 1987; Beare et ai., 1992). 
2.9 Summary 
This chapter has established the context for the present study. The conversion of pasture to 
plantation forestry is a major land-use change and the long term impacts require 
investigation. There have been a some studies on the immediate impacts of afforestation. 
Build up of organic matter in the form of needle litter fall, coarse woody debris, below-
ground biomass, and understorey biomass is a unique feature of the plantation forest 
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ecosystem in New Zealand. This return of organic matter is a major pathway of nutrient 
return to the forest floor. Decomposition of these organic matter resources is essential for 
the functioning and maintaining the integrity of the ecosystem. The processes of 
decomposition are extremely complex. The decomposition processes are regulated by the 
litter quality, physico-chemical environment in which the processes are taking place and the 
dynamics of the decomposer community. An understanding of litter quality and its effects 
on decomposition rates will lead to a better awareness regarding the rate of soil organic 
matter formation and nutrient availability in soil, both of which are important for 
maintaining soil productivity. The possibility that coarse woody debris, the products of 
harvesting and thinning activities in plantation forestry, can be used as long term store of 
nutrients and C is worth exploring. The manipulation of litter quality through litter mixing 
(pine and understorey) may well become an important mode of synchronizing the nutrient 
supply through decomposition of litter and nutrient uptake. Litter fall and decomposition of 
litter are the important sources of DOC, DON, and DOP in soil. DaM is an important 
pathway of element cycling apart from its role in soil biogeochemistry, soil formation, and 
pollutant transport. Understanding the fate of DOC in the mineral soil will improve our 
knowledge about this important pathway of nutrient cycling. The ability of saprotrophic 
fungi to bridge the soil-litter interface has been reported in many studies. The direct 
translocation of C and nutrients by filamentous fungi may be an important pathway of 
nutrient cycling in soil. 
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Chapter 3 
Decomposition and release of nutrients from green and senescent needles 
of radiata pine in microcosms and field conditions. 
3.1 Introduction 
Over half of the area under radiata pine plantation forests in New Zealand is pruned, and 
thinning is practised over all of the plantation area (Maclaren, 1993). These activities add a 
large amount of fresh plant residues or litter, mainly in the form of green needles to the 
forest floor. Decomposition of litter is a major pathway of nutrient supply to soil in the 
forest ecosystem (Fioretto et al., 1998). 
Plant nutrients from litter are released either by leaching or catabolism, i.e. breakdown of 
structural compounds by microbes (fungi and bacteria). The rate at which the elements are 
released is governed, to a large extent, by the decomposition rate of litter. The process of 
decomposition is regulated by the combined effects of litter quality and the physico-
chemical environment on the decomposer communities. Of the major environmental 
variables moisture availability, temperature, aeration and soil pH are the important ones 
(Meentemeyer, 1978; Bitton and Boylan, 1985; Johansson, 1994). It is possible to study the 
effect of litter quality on litter decomposition by keeping the environmental variables 
constant by using microcosms or 'model ecosystems' (Cole et al., 1976; Taylor and 
Parkinson, 1988; Gillon et al., 1994). 
Green needles are qualitatively different from the usual forest floor litter (Sanger et al., 
1998; Edmonds and Thomas, 1995; Hyvonen et al., 2000). Addition of green needles might 
have an impact on the immediate nutrient turnover and may well have a significant 
influence on the decomposition rate of senescent needles on the forest floor and thereby 
altering the nutrient turnover rates from these residues. A microcosm study was carried out 
to test the hypothesis that addition of green needles might influence nutrient cycling in the 
forest floor. Several studies have indicated that litter decomposition rate in microcosms is 
usually faster than that in the field (Taylor et al., 1989; Gallardo and Merino, 1993). 
Therefore to relate the mass loss rates in microcosms to field conditions a field study was 
also undertaken. The study was designed to achieve the following objectives: 
(i) to measure decomposition rates of green and senescent needles; 
(ii) to determine the nutrients turnover pattern from decomposing green and 
senescent needles; 
(iii) to study the interaction between green and senescent needles and its 
implications for nutrient turnover in the forest floor; and finally; 
(iv) to relate green needles decomposition in microcosms to decomposition in 
field conditions. 
3.2 Materials and Methods 
3.2.1 Microcosm Study 
Collection and preparation of litter 
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Fresh green needles and senescent needles were collected from the agro-forestry plots at 
Lincoln University (Mead et al., 1993) from 8-year-old radiata pine trees. Immediately 
after pruning green needles current year needles, one year needles, and older than one year 
needles were separated from twigs and branches. Senescent needles were collected from 
beneath the trees. Sub samples of green and senescent needles were taken to determine the 
moisture content, water holding capacity, and initial chemical properties. In addition to the 
green needles, intact pruned branches from the agro-forestry trial plots were collected and 
labelled with a plastic tag for the field experiment described below conducted at Eyrewell 
plantation. 
Eyrewell forest is approximately 60 km north of Christchurch and is situated on flat fluvio-
glacial outwashes, kame terraces and gravel river fans, at about 160 meters above sea level. 
The annual precipitation ranges between 468-1224 mm (mean 871 mm) and summer 
droughts are common. Average daily temperatures range between a minimum of 4.6°C in 
winter in July and a summer maximum of 16.2°C in January (Mead et al., 1984) 
Soil collection, preparation and analyses 
The soil used in microcosms was collected from compartment 24 of Eyrewell forest. This 
compartment consisted of 2nd rotation radiata pine stands planted in1985. The Eyrewell 
soils are yellow-grey earths, mostly classified as Lismore stony silt-loam derived from 
Greywacke gravels and thin loess deposits (Mead et al., 1984). Soil from the top 2.5 cm 
was collected in plastic bags, and sieved using 4-mm soil sieve. The field moist soil was 
Figure 3.1 
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Cross section of microcosm chamber, with lid closed. A-holes for 
aeration; B-screw lid; C-air space; D-litter layer; E-removable 0.1 mm 
nylon mesh; F-pine soil; G-removable 0.1 mm nylon mesh; H-inert 
sand; I-base. 
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Table 3.1 Selected chemical properties and density of soil under forest at Eyrewe11. 
Soil Properties 
pH (1 :2.5) Water 
Olsen P(mg kg-I) 
Total P(mg kg-I) 
K(cmol+kg-I) 
Ca (cmol+kg-I) 
Mg (cmol + kg-I) 
Na (cmol +kg-I) 
Cation Exchange Capacity (cmol+kg-I) 
Base Saturation(%) 
Density (t m-3) 
Total elements in soil 
C(%) 
N(%) 
S(%) 
Microbial Carbon(mg kg-I) 
Field Capacity (%) 
Porosity(% ) 
5.1 
5 
293.0 
0.4 
1.9 
1.0 
0.1 
13 
26 
0.8 
3.2 
0.2 
0.02 
663 
24.3 
51.1 
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stored in a refrigerator until it was used in microcosms. Three sub samples of soil were 
taken using quartile technique. One sub sample was used to determine the percent moisture 
present in field moist soil. Another sub sample was used to determine water holding 
capacity and field capacity and a sub sample was sent to Hill Laboratories to determine the 
physico-chemical properties of soil (pH, density, Olsen P, total P, extractable cations, 
cation exchange capacity, and total base saturation). The total C and N in soil samples were 
determined using a LECO CNS-2000 analyser at 1350°C. The physico-chemical properties 
of soil are presented in Table 3.1. 
Microcosms 
The microcosms used were a modified version of the type described by Taylor and 
Parkinson (1988a) (see Figure 3.1). The microcosm consisted of a plastic cylinder 11 cm in 
diameter and 18.5 cm tall fitted with a lid with five holes of 7-mm diameter to facilitate 
aeration. Half of the microcosm was filled with inert sand. A one-inch thick layer of the 
previously prepared top soil was placed on the top of the sand separated by 0.1 mm nylon 
mesh. The physico-chemical properties of soil are presented in Table 3.1. A litter sample 
(18.5 g oven dry) was placed on soil. The amount of litter used in microcosms was 
equivalent to thrice the annual rate of leaf litter fall reported in New Zealand radiata pine 
plantations'(Levett, 1978; Heng, 1980). Soil and litter were separated by 0.1 mm nylon 
mesh, which allowed recovery of all the material at each sampling time. Fresh green 
needles were used for decomposition studies but senescent needles were previously soaked 
in 0.1 L of deionised water for 24 hrs. To avoid loss of soluble compounds and nutrients 
from senescent needles, the water used for soaking was poured back into the microcosm 
and the quantity of water needed to bring the water content of microcosm soils up to 80% 
field capacity was calculated by weighing the complete microcosms. The quantity of water 
needed to replace the water lost through evaporation was calculated by weighing and added 
twice a week to maintain the soil moisture level at 80% FC throughout the incubation 
period. 
Litter incubation 
Four different treatments, namely green needles, senescent needles, green and senescent in 
1:1 (weight) mixture, and equal amounts of green needles layered over senescent were 
incubated in four replications for 10 months duration at 20°C. The first 3 treatments were 
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designed to derive an understanding of decomposition rates of green and senescent needles 
when incubated separately and together. The fourth treatment was designed to simulate the 
field conditions where green needles fall on existing senescent needles on the forest floor. 
Sampling was carried out after 2, 4,6,8, and 10 months of incubation. Replicate samples of 
litter were removed for analysis. Samples were oven dried at 70°C for 48 hours to record 
the mass loss on an oven dry basis. 
Chemical composition of litter 
The oven dry litter samples were finely ground to 1 mm particle size using a cyclone mill 
fitted with a stainless steel screen. 
Hot water soluble carbohydrates 
50 mg of finely ground litter sample was weighed into a 100 mL beaker. 30 mL of 
deionised water was added to the beaker containing the sample. The contents were allowed 
to simmer gently on a hotplate for 2 hours. Once cool, contents were filtered through 
Whatman No.44 paper into a 50 ml volumetric flask and the volume was made up to the 
mark using deionised water. A 2 mL aliquot was used to determine carbohydrates using the 
anthrone colorimetric method with D-glucose as a reference standard at a wavelength of 
625 nm (Doutre et al., 1978). 
Hot water soluble polyphenols 
100 mg of ground litter sample was boiled with 50 mL deionised water on a hot plate for 1 
hour. Whilst warm the contents were filtered through Whatman No.44 paper into a 50 mL 
volumetric flask. A lO-mL aliquot was used to determine the polyphenols using the Folin-
Denis colorimetric method with tannic acid as a reference (Allen et al., 1974). 
Neutral detergent fibre 
The neutral detergent fibre procedure is used to estimate the cell-wall constituents in plant 
materials. It is a rapid method for analysing the total fibre in litter and plant samples. One 
gram of plantllitter material was (in duplicate) weighed into a 150 mL round bottomed flask 
fitted with a condenser. 100 mL of NDF reagent, 2 mL decahydronaphthalene, and 0.5 g 
sodium sulfite were added to each of the flasks and contents were boiled for 10 mins. After 
this initial boiling period the temperature was reduced to avoid foaming and samples were 
refluxed at constant temperature for one hour, timed from the onset of boiling. Warm flasks 
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were swirled to suspend solids and filtered through previously tared gooch crucibles 
mounted on suction flasks connected to a vacuum pump. Samples collected on crucibles 
were given a hot water wash until foam disappeared. The samples were then washed with 
acetone until the filtrate became clear. The crucibles were dried at 100°C for 8 hours, 
cooled in a desiccator, and weighed. Loss in weight was taken as equivalent to soluble cell 
contents and left over residue was taken as NDF fraction made up of hemicellulose, 
cellulose, lignin, and ash (Goering and Van Soest, 1970). 
Acid detergent fibre 
The acid-detergent fibre procedure provides a rapid method for lignocellulose 
determination. The residue also includes silica. The acid detergent fibre is used as a 
preparatory step for lignin determination. The procedure involves refluxing 0.5 to 1.0 g of 
litter material with 100 mL ADF reagent for 1 hour. Hot solution was filtered through an 
ignited and pre-weighed porosity No.2 gooch crucible. The residue was washed 3 times 
with boiling deionised water and then with acetone until no more colour was removed. The 
crucibles were dried at 105°C for 2 hours, cooled in a desiccator, and weighed (Rowland 
and Roberts, 1994). 
Hemicellulose 
The difference between NDF and ADF was taken as an estimate of hemicellulose content 
(Goering and Van Soest, 1970). 
Cellulose 
The gooch crucibles containing ADF residues were filled with 72% sulphuric acid for three 
hours and washed with hot water to get rid of traces of acid. Samples were dried at 100°C 
and weighed. The loss in weight was taken as the cellulose content (Rowland and Roberts, 
1994). 
Lignin 
The ADF residue left after treating with 72% sulphuric acid was ignited at 550°C for two 
hours in a muffle furnace, cooled in a desiccator and weighed. The loss in weight was taken 
as lignin and the material remaining on crucibles was considered as ash (Rowland and 
Roberts, 1994). 
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Total phosphorus 
The total phosphorus in plant material was estimated by digesting the samples in nitric and 
percholric acid mixture as outlined by Zasoski and Burau (1977) and determining 
phosphorus in the digest using molybdenum blue method (Blakemore et al., 1987). 
Total calcium, magnesium and potassium 
The Ca, Mg, and K contents in nitric-perchloric acid digest of plant samples were 
determined using a Shimadzu AA-6200 atomic absorption flame emission 
spectrophotometer in presence of strontium chloride and caesium chloride. 
Total carbon and nitrogen 
The total C and N in plant samples were analysed by using Roboprep-CN automated 
Dumas mass spectrometer at 1000°C. 
3.2.2 Field Experiment 
Five clusters of three 8 years old trees were selected along a linear transact in compartment 
24 of Eyrewell forest. Freshly pruned green branches from the agro-forestry plots were 
placed around the trees in horizontal position and allowed to decompose. The fresh weight 
of whole branch was recorded. Samples of decomposing buds, current, annual, and rest of 
the green needles were collected initially and after 3, 6, and 10 months of incubation in the 
field, and oven dried to record mass loss on per bud of per needle basis. 
To determine the mass loss of twigs (excluding needles) the following procedure was used. 
Three sub-separate twigs of similar size used in field experiment were selected. The needles 
were separated, oven dried and weights were recorded. Twigs without needles were oven 
dried and weights were recorded. The sum of oven dry weights of twigs and needles were 
taken as the oven dry weight of whole branch. This was used to estimate the average 
moisture content in sample branches (three). The average moisture content of whole twigs 
was used convert fresh weight of twigs used in field experiment at time to oven dry weight. 
This was then subtracted by average oven dry needle weight (of three samples) to obtain 
oven dry weight of branches excluding needles used in the field study. At the end of 
incubation branches were collected from the field, oven dried at 70°C, to determine the 
mass loss of twigs without needles. 
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3.2.3 Statistical Analysis 
One way analysis of variance (ANOYA) was performed on all data sets to determine the 
significance of treatment effects on decomposition rates for each sampling time by using 
the Genstat release 4.1 (Lawes Agricultural Trust (Rothamsted Experimental Station), 
1997). When F value was statistically significant (at 95%) LSD was calculated using 
Genstat computer package for each time point to evaluate the differences between treatment 
means. The a level used in all comparisons was 0.05, unless otherwise indicated. In 
addition to ANOY A, simple regressions were carried out between mass loss and litter 
quality indices after checking the linearity of the relationship. The successful indices, which 
were able to explain a significant amount of variations in mass loss, were then entered into 
stepwise forward multiple regression analysis by using the 'Systat' package (Wilkinson, 
1990) to identify the least number of indicators which would explain most of the variations 
in mass loss. 
3.2.4 Model Fitting 
In order to compare the mass loss and the parameters of decay in different substrates (green 
and senescent) it was necessary to find the mathematical function that best fitted the data. 
The most frequently used model to describe decomposition is the single exponential decay 
function (Olson, 1963). The single exponential decay function is given below: 
M M -kt t= oe 
M t is the mass of litter remaining at time t 
Mo is the initial litter mass 
k is the decay constant 
t is the time in years. 
Equation 4.1 
In addition to the single exponential model, for mass loss data, a double exponential model 
was fitted to test the assumption that litter was composed of labile and recalcitrant 
components that have different rates of decomposition. Lignin alone was considered as a 
recalcitrant component and other constituents were treated as labile (Berg and Agren, 
1984). The double exponential decay model is given below: 
Mt = ML e-kLt + MR e-kRt Equation 4.2 
M t is the mass of litter remaining at time t 
ML is the labile fraction mass at time zero 
MR is the initial recalcitrant mass fraction 
kL is the decay constant for the labile fraction 
kR is the decay constant for the refractory fraction 
t is time in years 
3.3 Results 
3.3.1 Initial characteristics of green and senescent litter 
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There was a marked difference in the chemical properties of green and senescent needles 
(Table 3.2). Green needles had greater concentrations of soluble carbohydrates, soluble 
polyphenols, and hemicellulose than senescent needles. The concentrations of cellulose and 
lignin were greater in senescent needles. The initial concentrations of cellulose and lignin in 
green and senescent needles were confirmed by an external check by Landcare Research, 
Palmerston North, New Zealand. 
Nitrogen, P and K concentrations were greater in green needles. There were no significant 
differences between green and senescent needles with respect to total C, Ca, and Mg 
concentrations. 
The quality indices for green and senescent litter are presented in Table 3.3. Green needles 
had greater holocellulose to lignocellulose quotient (HLQ), but lower of all other indices 
than senescent needles. 
3.3.2 Mass loss 
Microcosm study 
The mass loss data for different litter types studied are given in Table 3.4 and shown in 
Figure 3.2. Green needles lost 70% of the original dry mass in the first 4 months and 
thereafter the rate of decomposition was slow. Senescent litter recorded the slowest 
decomposition of all the treatments. Mixture and layer treatments had mass loss rates close 
to the average rate of green and senescent litters for each of the sampling time points and 
there was no significant difference between the two treatments. 
The results of model fitting are presented in Table 3.5. The litter materials behaved as if 
they were made up of two different components, labile and recalcitrant. The R2 between the 
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Table 3.2 Initial characteristics (mg got dry mass) of green and senescent needles. 
Green needles Senescent needles LSD (0.05) 
Soluble Carbohydrates 96.3 ± 0.28 34.2 ± 0.20 1.48 
Polyphenols 27.2 ± 0.69 15.9 ± 0.06 3.00 
Hemicellulose 127.4 ± 9.90 70.7± 1.11 42.87 
Cellulose 171.6 ± 2.54 244.3 ± 0.45 11.11 
Holocellulose 298.9 ± 7.36 315.1 ± 1.55 NS 
Lignin 239.8 ± 5.75 373.8 ± 5.92 35.50 
C 483.8 ± 7.10 469.4 ± 7.05 NS 
N 17.1 ± 0.09 7.3 ± 0.04 0.44 
P 1.7 ± 0.01 0.7 ± 0.03 0.14 
Ca 10.8 ± 1.41 10.6 ± 0.20 NS 
Mg 1.6 ± 0.23 1.5 ± 0.02 NS 
K 7.4 ± 0.37 1.9 ± 0.08 1.63 
Standard errors are given. 
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Table 3.3 Litter quality parameters for green and senescent litter at time zero. 
Green needles Senescent needles 
C:N 28.4 ± 0.62 64.7 ± 2.82 
C:P 277.3 ± 30.02 679.7 ± 39.81 
C:Ca 44.9 ± 2.68 44.5 ± 2.21 
C:Mg 312.1 ± 23.74 320.8 ± 14.65 
C:K 65.1 ± 7.74 25l.2 ± 6.79 
Polyphenols : N 1.6 ± 0.02 2.2 ± 0.05 
Lignin: N 14.l ± 0.53 5l.6 ± 0.46 
Lignin: P 137.4 ± 25.09 541.4 ± 35.69 
Lignin: Soluble Carbohydrates 2.5 ± 0.89 10.9 ± 0.29 
Lignin : Cellulose l.4 ± 0.22 l.5 ± 0.05 
HLQ 0.6 ± 0.01 0.5 ± <0.01 
(Lignin+Polyphenols) : N 15.7 ± 0.54 53.8 ± 0.46 
Standard errors are given. 
Table 3.4 Means of mass loss (%) from different treatments in each sampling time. 
Months Green Senescent Mixture (1: 1) Layer (1 :1) LSD (0.05) 
2 64.5 ± l.75 7.6 ± 0.46 39.2 ± 1.38 36.7 ± 0.51 3.589 
4 69.9 ± l.50 14.5 ± 0.97 47.4 ± l.38 45.3 ± 0.97 3.787 
6 7L3 ± l.47 2l.2 ± 1.48 5l.5 ± l.31 49.2±l.16 4.196 
8 72.0 ± l.53 23.5 ± l.33 52.8 ± 1.34 52.1 ± l.00 4.052 
10 72.4 ± 1.5727.1 ± l.26 55.1 ± 1.61 53.1 ± 1.17 4.361 
Standard errors are given. 
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estimated and the actual amount of litter remaining at different time points was significant 
(p<O.OOl), supporting the assumption that litter is a composite material of labile, and 
recalcitrant fractions which have different exponential kinetic. From Table 3.5 it is evident 
that the decomposition of the labile portion was more than five and two times faster than 
the recalcitrant component for green and senescent needles respectively. The decay 
constants for the mixture and layer treatments were similar. 
Field experiment 
Table 3.6 shows the mass loss of buds, current year needles, 1 year old needles and older 
needles over a 10 month period under 8 year old radiata pine forest at Eyrewell forest. The 
rates of mass loss were in the decreasing order of buds> current> 1 year old> older 
needles. The average mass loss of green needles in the field experiment was 73% which 
compares well with that of the microcosm incubation (72%). Twigs recorded 30% mass 
loss after 10 months. 
3.3.3 Organic constituents dynamics 
Water soluble carbohydrates and polyphenols 
The changes concentration and total (mass) of the organic constituents in decomposing 
litter are given in Table 3.7 and Table 3.8, respectively. As expected, the concentrations of 
water-soluble carbohydrates in green litter reduced markedly in the first two months and 
decreased slowly thereafter. Senescent needles lost soluble carbohydrates slowly compared 
to green litter. The polyphenols content decreased at a faster rate initially and thereafter 
remained constant in both green and senescent litters. In case of the mixture and layer 
treatments, water-soluble components dropped to half of the initial level in two months and 
decreased slowly thereafter. 
Green, mixture and layer treatments lost more than 95% of the original mass of hot water 
soluble carbohydrates after 10 months (Figure 3.3). Senescent needles lost 83% of the 
soluble carbohydrates mass during the same period. The soluble polyphenols decreased 
rapidly with total needle mass loss. After 10 months of incubation green litter had only 2 % 
of the original amount of polyphenols whereas senescent needles had lost 87% of the 
original amount during the same period (Figure 3.3). 
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Table 3.5 Single and double exponential decay constants for mass loss after 10 months 
of decomposition in microcosms. 
Treatments Double exponential Single exponential 
Labile Recalcitrant 
kL kR K 
Green needles Decay constant 5.365 0.931 3.007 
Std error 1.391 0.168 0.712 
R2# 0.86 0.74 
Senescent needles Decay constant 0.537 0.232 0.415 
Std error 0.027 0.004 0.018 
R2 # 0.98 0.97 
Mixture(l: 1) Decay constant 2.319 0.341 1.366 
Std error 0.443 0.012 0.225 
R2 # 0.82 0.75 
Layer(l: 1) Decay constant 2.072 0.359 1.284 
Std error 0.385 0.005 0.201 
R2# 0.82 0.77 
# -Between estimated and actual mass loss. 
Table 3.6 Accumulated mass loss (% per needle dry mass) of green needles in a radiata 
pine plantation forests at Eyrewell. 
3 Months 6 Months 10 Months 
Bud 74.0 ± 0.94 76.6 ± 1.78 85.3 ± 1.28 
Current 68.7 ± 1.83 70.2 ± 1.67 76.9 ± 2.08 
1 year old 60.6 ± 2.61 63.1 ± 2.65 67.3 ± 2.91 
Older than 1 year 55.7 ± 1.31 58.2 ± 3.65 59.3 ± 3.65 
Twigs 
Standard errors are given. 
ND- Not determined. 
ND ND 29.8 ± 5.88 
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Holocellulose 
Holocellulose decomposed more slowly than soluble carbohydrates. The cellulose and 
hemicellulose concentration of green needles decreased from 300 to 153 mg g-l in 10 
months and that of senescent decreased from 315 to 55 mg g-l (Table 3.7). Mixed and 
layered samples showed intermediate declines in concentration between that described for 
green and senescent needles. The absolute amounts of holocellulose decreased in all 
treatments (Figure 3.4). It was rapid in the first four months and the rate of loss was slow 
afterwards. 
Lignin 
Green needles recorded a rapid increase in lignin concentration in the initial stages. It 
stabilized at around 500 mg g-l after 4 months of incubation (Table 3.7). Senescent needles 
also showed an increase in lignin content with increase in total needle mass loss but at a 
slower and steadier rate. Mixed and layered treatments showed a trend which was in 
between that of green and senescent treatments. In terms of absolute lignin content, needle 
litters lost lignin much more slowly compared to carbohydrates (Table 3.8; Figure 3.4). 
Senescent needles recorded the slowest rate. Thus lost only 17% of the original amount 
compared to 43% loss in case of green needles. Mixed and layered treatments lost around 
25% of the original amount. 
3.3.4 Nutrient Dynamics 
Nitrogen concentration increased in all the treatments (Table 3.9; Figure 3.5). In the case of 
green needles nitrogen increased to 120% of the original concentration in the first 6 months 
and at the end of 10 months the concentration was 13% more that the original 
concentration. Senescent needles recorded a non-significant 7% increase in N 
concentration after 10 months of incubation. Mixed and layered needles followed a trend 
similar to that of green needles. Phosphorus, however, showed a different trend (Figure 
3.5). The concentrations of P decreased right from the beginning of incubation in all 
treatments (Table 3.9). Calcium concentration increased in the initial two months of 
incubation in green, mixed and layered needles but it decreased in senescent needles 
(Figure 3.6). The concentrations of Mg increased during the first 2 months in all the 
treatments (Figure 3.6). However, after 2 months, there was a decline in Mg concentration 
in green needles, whereas it continued to increase in senescent needles, and showed no 
Table 3.7 Changes in concentration (mg g.l) of four litter types over 10 months period in microcosms. 
Months Soluble Polyphenols Hemicellulose Cellulose Holocellulose Lignin C 
Carbohydrates 
Green needles 
0 96.3 ± 0.28 27.2 ± 0.69 127.4 ± 9.90 171.6 ± 2.54 298.9± 7.36 239.8± 5.75 483.8 ± 7.10 
2 21.3 ± 0.52 2.9 ± 0.29 115.3 ± 1.16 114.2 ± 6.87 229.5 ± 8.03 444.6 ± 7.91 475.3 ± 2.14 
4 14.9 ± 1.06 2.1 ± 0.32 95.2 ± 0.36 111.7±4.81 206.9 ± 5.16 501.6 ± 5.81 475.0 ± 8.34 
6 14.1 ± 1.28 2.1 ± 0.15 89.5 ± 1.18 107.8 ± 4.60 197.3 ± 5.77 507.1 ± 6.47 487.5 ± 7.41 
8 5.0 ± 0.80 2.1 ± 0.14 82.0 ± 1.40 102.5 ± 4.56 184.5 ± 5.97 501.9 ± 6.11 462.0 ± 7.34 
10 4.1 ± 0.84 1.9 ± 0.10 57.1 ± 1.29 96.4 ± 4.55 153.5 ± 5.84 494.9 ± 5.01 481.2 ± 3.71 
Senescent needles 
0 34.2 ± 0.20 15.9 ± 0.06 70.7 ± 1.11 244.3 ± 0.45 315.0 ± 1.55 373.8 ± 5.92 469.3 ± 7.05 
2 19.1±0.30 4.7 ± 0.40 43.2 ± 0.89 158.8 ± 3.13 202.1 ± 4.02 387.4 ± 0.89 437.5 ± 19.93 
4 18.1±0.28 3.5 ± 0.21 36.7 ± 0.68 136.5 ± 3.34 173.2 ± 4.02 403.1 ± 2.43 460.3 ± 4.92 
6 17.6 ± 0.23 3.4 ± 0.40 27.3 ± 1.06 110.5 ± 4.22 137.9 ± 5.27 420.6 ±4.72 449.0 ±9.25 
8 14.0 ± 0.27 3.2 ± 0.13 21.3 ± 0.97 76.2 ± 5.51 97.6 ± 6.48 419.1 ±4.67 446.3 ±2.66 
10 8.1 ± 0.46 2.9 ± 0.06 11.9± 1.01 43.3 ± 7.20 55.3 ± 8.22 425.6 ±4.20 446.5 ±2.72 
Mixture (1: 1 ) 
0 65.3 ± 0.24 21.6 ± 0.37 99.0 ± 5.50 207.9 ± 1.49 307.0 ± 4.46 306.8 ± 5.83 476.6± 7.07 
2 33.5 ± 1.61 4.9 ± 0.29 78.3 ± 0.65 162.4 ± 5.28 240.7 ± 5.93 464.8 ± 7.48 465.5 ± 6.90 
4 22.2 ± 2.10 3.9±0.17 57.4± 1.91 151.8 ± 5.00 209.3 ± 6.91 518.5 ± 12.27 455.3 ± 6.37 
6 19.6 ± 0.38 3.7 ± 0.08 45.9 ± 0.33 127.0 ± 6.20 172.8 ± 6.53 534.2 ± 12.05 459.5 ± 2.06 
8 8.7 ± 0.66 3.7 ±0.17 35.3 ± 1.11 89.4 ± 9.43 124.7 ± 10.54 520.1 ± 12.85 456.3 ± 4.50 
10 6.5 ± 0.46 3.5 ± 0.44 27.0 ± 0.56 53.0 ± 14.35 80.0 ± 14.91 520.4 ± 17.43 455.3 ±4.75 
Layer (1:1) 
0 65.3 ± 0.24 21.6 ± 0.37 99.0 ± 5.50 207.9 ± 1.49 307.0 ± 4.46 306.8 ± 5.83 476.6 ± 6.97 
2 25.1 ± 0.50 4.7 ± 0.90 79.9 ± 0.53 136.3 ± 8.83 216.2 ± 9.36 455.2 ± 2.97 451.0 ± 4.76 
4 18.5 ± 1.00 3.4 ± 0.35 64.3 ± 0.21 129.2 ± 13.10 193.5 ± 13.31 494.3 ± 6.58 459.3 ± 4.03 
6 19.3 ± 0.63 3.2 ± 0.04 52.5 ± 0.54 110.4 ± 13.41 162.8 ± 13.95 501.2 ± 6.46 443.8 ± 8.64 
8 3.5 ± 0.21 3.2 ± 0.07 42.0 ± 0.61 87.5 ± 13.71 129.4 ± 14.32 505.5 ± 4.52 446.3 ± 2.63 
10 1.9 ± <0.01 3.1 ± 0.04 32.8 ± 0.98 62.9 ± 14.60 95.6 ± 15.59 489.4 ± 5.84 449.3 ± 2.29 
Standard errors are given. 
Table 3.8 Changes in mass (mg) of organic constituents in four litter types over 10 months period in microcosms. 
Months Weight Carbohydrates Polyphenols Hemicellulose Cellulose Holocellulose Lignin C 
Green needles 
0 18500 ± 97.0 1782±5.2 503 ± 12.8 2356 ± 183.2 3174±47.l 5530 ± 136.1 . 435 ± 106.3 8950 ± 1.9 
2 6565 ± 323.6 140 ± 7.7 19 ± 2.1 757 ± 33.7 743 ± 9.6 1499 ± 43.3 2920 ± 163.3 3120 ± 154.6 
4 5573 ± 277.3 82 ± 2.1 12 ± 1.3 530 ± 25.4 619 ± 14.8 1149 ± 40.2 2799 ± 165.4 2647 ± 137.9 
6 5310 ± 272.6 74± 2.9 11 ± 1.2 474 ± 19.6 569 ± 13.0 1043 ± 32.6 2697 ± 164.6 2584± 110.1 
8 5173 ± 283.7 25 ± 3.5 11 ± 0.9 424 ± 19.0 526 ± 11.6 950 ± 30.6 2599 ± 162.5 2390 ± 140.4 
10 5100 ± 289.7 21 ± 4.2 9±0.5 292 ± 22.4 488 ± 11.1 780 ± 33.5 2527 ± 160.4 2452± 127.5 
Senescent needles 
0 18500 ± 92.5 633 ± 3.7 295 ± 1.0 1308 ± 20.5 4520 ± 8.3 5828 ± 28.7 6915 ± 109.6 8683 ± 0.9 
2 17090 ± 84.3 326 ± 5.2 80 ± 6.9 738 ± 12.4 2716 ± 65.3 3454± 77.7 6621 ± 25.8 7479 ± 355.8 
4 15810 ± 179.9 286 ± 3.6 55 ± 3.1 581 ± 12.1 2158 ± 68.5 2739 ± 80.6 6371 ± 39.4 7276 ± 102.0 
6 14585 ± 273.5 256 ± 6.7 50 ± 5.7 398 ± 12.1 1613 ± 74.8 2011 ± 86.9 6131 ± 52.1 6550 ± 191.5 
8 14145 ± 246.5 198 ± 6.7 45 ± 1.5 302 ± 19.2 1079 ± 86.1 1382 ± 105.3 5926 ± 55.0 6311 ± 98.3 
10 13493 ± 233.7 110 ± 6.2 39 ± 1.3 161 ± 14.5 589 ± 105.5 750 ± 119.9 5740 ± 58.0 6025 ± 126.9 
Mixture (1:1) 
0 18500 ± 94.7 1207 ± 4.4 399 ± 6.9 1832 ± 101.8 3847 ± 27.7 5679 ± 82.4 5675 ± 107.9 8817 ± 1.4 
2 11250 ± 255.0 376 ± 16.7 55 ± 4.3 881 ± 24.4 1827 ± 75.5 2708 ± 99.9 5225 ± 86.8 5232 ± 67.4 
4 9733 ± 256.1 216 ± 23.1 38 ± 2.2 560 ± 28.0 1479 ± 74.5 2039 ± 102.5 5037 ± 25.7 4426 ± 56.1 
6 8973± 243.0 177 ± 8.0 34 ± 1.5 412 ± 13.3 1142 ±77.2 1553± 90.5 4785 ± 35.6 4123 ± 112.6 
8 8735 ± 247.8 77 ± 7.6 32 ± 2.0 308 ± 15.0 788 ± 102.0 1096 ± 117.0 4534 ± 41.2 3986 ± 124.3 
10 8305 ± 298.3 54± 5.2 29 ± 4.4 225 ± 11.5 453 ± 129.9 677 ± 141.4 4307 ± 52.9 3781 ± 139.1 
Layer (1:1) 
0 18500 ± 94.7 1207 ± 4.4 399 ± 6.9 1832 ± 101.8 3847 ± 27.7 5679 ± 82.4 5675 ± 107.9 8817 ± 1.4 
2 11703 ± 94.2 293 ± 6.7 55 ± 10.8 935 ± 12.3 1596 ± 106.6 2531 ± 118.9 5326 ± 24.5 5278 ± 64.4 
4 10118 ± 178.5 187 ± 8.3 35 ± 3.2 651 ± 12.3 1302 ± 112.8 1953 ± 125.0 4998 ± 45.0 4648 ± 119.8 
6 9400 ± 213.8 182 ± 7.3 30 ± 0.9 493 ± 11.8 1033 ± 110.6 1526 ± 122.4 4708 ± 55.5 4171 ± 120.0 
8 8860 ± 184.7 31 ± 2.0 28 ± 1.1 372 ± 4.1 772 ± 113.9 1144 ± 118.0 4477 ± 58.3 3955 ± 101.0 
10 8675 ± 216.0 17 ± 0.4 27 ± 0.7 285 ± 14.2 543 ± 119.8 827 ± 134.0 4243 ± 75.7 3896 ± 78.8 
Standard errors are given. 
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change in the mixed and layered needles (Figure 3.6). Potassium was immobilised in case 
of green needles during the first 2 months after which K concentrations decreased (Figure 
3.6). There was little change in K concentrations in senescent needles, and a continuous 
decrease in the K concentrations of mixed and layered needles. 
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There was a steady decrease over time in mass of N in senescent needles (Table 3.10; 
Figure 3.5). All other treatments lost N rapidly in the first 2 months and more slowly 
thereafter. Green needles lost 69% of N compared to 22% in the case of senescent needles. 
The mass of P also recorded a decline with time and increasing needle mass loss. There was 
a rapid loss ofP mass in the first two months (Table 3.10; Figure 3.5). Among the 
treatments green needles lost the greatest amount of P. Calcium also decreased more 
rapidly initially but then decreased in a steady fashion in all treatments. Green needles lost 
twice the amount of Ca compared to senescent needles. There was a considerable loss in the 
mass of Mg from decomposing green needles (71 %) when compared to a 5% loss from 
senescent needles. Green needles lost twice the amount of absolute K when compared to 
senescent needles. For Nand Mg the ultimate mass loss in mixed and layered needles was 
intermediate between that in green and senescent needles. For P and Ca the ultimate mass 
loss was more similar to that in senescent needles, whereas for K the loss was similar to 
that of green needles. 
3.3.5 Litter quality and mass loss 
Simple Regression Analyses 
There were considerable differences between green and senescent needles with respect to 
quality parameters (Table 3.3). In this study lignin, N, C:N, lignin: N, lignin: P, 
lignin+polyphenols: N, lignin: cellulose, lignin: soluble carbohydrates, polyphenols : N, 
holocellulose to lignocellulose quotient (HLQ), cellulose content, and soluble 
carbohydrates were used to explain the decomposition rates of needle litter. These 
parameters were first regressed against total needle mass loss using simple linear 
regressions. Among the parameters studied lignin alone was enough to explain 73% of the 
variations in decomposition, followed by the polyphenol: N ratio which explained 67%, 
next best was N which explained 51 %, followed by C : N ratio (48%), soluble 
carbohydrates (45%), cellulose (36%), and finally HLQ (35%). Remaining parameters 
77 
Table 3.9 Changes in pine needle nutrient concentrations (mg il) over a 10 months 
incubation period on Eyrewell soil in microcosms. 
Months N P Ca Mg K 
Green needles 
0 17.1 ± 0.09 1.7 ± .01 10.8 ± 1.41 1.6 ± 0.23 7.4 ± 0.37 
2 19.7 ± 0.55 1.7±0.17 13.5 ± 1.11 2.3 ± 0.25 10.1 ± 1.22 
4 20.2 ± 0.68 1.3 ± 0.08 10.8 ± 0.27 2.0 ± 0.05 8.8 ± 0.48 
6 20.5 ± 0.81 1.2 ± 0.09 10.4 ± 0.32 1.9 ± 0.08 6.9 ± 0.60 
8 19.9 ± 0.75 1.2 ± 0.05 10.3 ± 0.14 1.8 ± 0.08 6.5 ± 0.64 
10 19.3 ± 0.76 0.8 ± 0.01 9.7 ± 0.36 1.6 ± 0.08 5.6 ± 0.27 
Senescent needles 
0 7.3 ± 0.04 0.7 ± 0.03 10.6 ± 0.20 1.5 ± 0.02 1.9 ± 0.08 
2 7.7 ± 0.08 0.6 ± 0.03 10.1 ± 0.11 1.6 ± 0.02 1.5 ± 0.07 
4 7.5 ± 0.23 0.5 ± 0.03 9.7±0.31 1.7 ± 0.03 1.5 ± 0.06 
6 7.9 ± 0.22 0.5 ± 0.02 9.6 ± 0.60 1.8 ± 0.04 1.6 ± 0.07 
8 7.7 ± 0.19 0.5 ± 0.05 9.6 ± 0.65 1.8 ± 0.04 1.6 ± 0.03 
10 7.8 ± 0.26 0.3 ± <0.01 10.0 ± 0.65 1.9 ± 0.03 1.6 ± 0.04 
Mixture (1: 1) 
0 12.2 ± 0.07 1.2 ± 0.02 10.7 ± 0.80 1.5 ± 0.13 4.7 ± 0.22 
2 13.7 ± 0.33 1.1 ±0.10 13.5 ± 0.66 2.1 ± 0.15 4.4 ± 0.35 
4 14.1 ± 0.51 0.9 ± 0.07 12.6 ± 0.69 2.0 ± 0.12 3.5 ± 0.23 
6 14.0 ± 0.56 0.9 ± 0.06 12.9 ± 0.55 2.0±0.10 3.2 ± 0.24 
8 13.6 ± 0.64 0.7 ± 0.05 12.9 ± 0.77 2.0 ± 0.11 3.2 ± 0.26 
10 13.5 ± 0.39 0.7 ± 0.05 13.4 ± 0.88 2.1 ± 0.10 3.0 ± 0.24 
Layer (1:1) 
0 12.2 ± 0.07 1.2 ± 0.02 10.7 ± 0.80 1.5 ± 0.13 4.7 ± 0.22 
2 13.1 ± 0.22 1.0 ± 0.03 14.8±0.12 2.1±0.07 4.1 ± 0.12 
4 14.1 ± 0.42 0.8 ± 0.05 14.2 ± 0.58 2.0 ± 0.10 3.9 ± 0.12 
6 14.3 ± 0.45 0.8 ± 0.05 14.1 ± 0.46 2.1 ± 0.12 3.7 ± 0.21 
8 13.7 ± 0.42 0.8 ± 0.03 14.6 ± 0.48 2.1 ± 0.12 3.8 ± 0.27 
10 13.1 ± 0.50 0.7 ± 0.03 14.8 ± 0.55 2.0 ± 0.22 3.3 ± 0.24 
Standard errors are given. 
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explained little variation in mass loss and therefore were not included in the mUltiple 
regression (Table 3.11). 
Multiple Regression Analysis 
A forward stepwise regression analyses was carried out with % lignin, %N, C : N, 
polyphenol : N, cellulose, soluble carbohydrates, and HLQ as potential independent 
variables. Partial F ratios, which indicate whether a variable added to a regression 
significantly (p<0.05) increases the R2 value, were used as a measure of the influence of 
each variable. The resultant equation is presented below. Just three variables namely, 
%lignin, %N, and HLQ were enough to explain 96% of the variations in mass loss (Table 
3.12; Equation 4.3). Soluble carbohydrates, cellulose, C: N ratio, polyphenol : N did not 
significantly improve the coefficient of determination (R2) of the equation. 
Mass loss = -51.052 + 1.410 % Lignin + 32.977%N -60.929HLQ 
R2 =0.962 
3.4. Discussion 
3.4.1 Initial Litter Characteristics 
(Equation 4.3) 
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It is evident from Table 3.2 that green needles had greater concentrations of soluble 
carbohydrates, holocellulose, N, P and K than that of senescent needles. The contents of 
cellulose and lignin were higher in senescent needles. The distribution of nutrients and 
energy source within the plant is determined by the relative activity of the plant tissues. The 
more productive tissues are, the greater is the accumulation of nutrients. The green tissues 
(photosynthetic) have the higher concentrations compared to senescent tissues. The greater 
proportion of N, P, and K and soluble carbohydrates in green than senescent needles in the 
present study is consistent with the greater demand of the production tissue for 
macro nutrient elements and energy (Duvigneaud and Denaeyer De Smet, 1970). Thus the 
contents of storage and translocatory carbohydrates in actively photosynthesising plant 
tissue were significantly higher than in senescent tissue. Protein may also be higher in such 
tissue (Swift et al., 1979). Cellulose accumulation and lignification increases with the age 
of the plant. Thus senescent needles have more cellulose and lignin compared to green 
needles. 
81 
Table 3.10 Changes in mass (mg) of nutrients in four litter types over 10 months period 
in microcosms. 
Months N P Ca Mg K 
Green 
0 316 ± 1.8 32 ± 0.2 199 ± 26.1 29 ± 4.3 138 ± 4.3 
2 129 ± 9.2 11±l.S 89 ± 10.1 15 ± 2.0 66 ± 8.7 
4 113±7.5 7 ±0.6 60 ± 2.4 11 ± 0.5 49 ±2.3 
6 109 ± 6.9 7 ±0.6 55 ± 3.6 10 ± 0.7 36 ± 2.8 
8 103 ± 7.4 6 ± 0.4 53 ± 2.7 9 ±0.7 34 ± 3.1 
10 98 ± 7.6 4±0.2 50 ± 3.8 8 ± 0.7 29 ± 2.5 
Senescent 
0 135 ± 0.7 13 ± 0.6 195 ± 3.7 27 ± 0.4 35 ± 0.4 
2 132 ± 1.0 9±0.5 172 ± 2.1 27 ± 0.2 26 ± 1.1 
4 119 ± 3.0 8 ±0.5 154 ± 4.5 26 ± 0.3 24 ±0.8 
6 114 ± 1.6 8 ± 0.3 140 ± 6.8 26 ±0.2 24 ±0.8 
8 108 ± 1.1 7±0.7 136 ± 7.5 26 ±0.2 22 ±0.2 
10 104 ± 2.1 4± 0.02 135 ± 7.7 26 ± 0.3 22 ± 0.1 
Mixture(l:l) 
0 226 ± 1.2 23 ± 0.4 197 ± 14.9 28 ± 2.4 86 ± 2.4 
2 154 ± 6.9 12 ± 1.4 153 ± 10.5 23 ± 2.1 50 ± 4.8 
4 137 ± 7.4 9±0.7 123 ± 7.3 20 ± 1.3 33 ± 1.7 
6 125 ± 6.1 8 ±0.6 116 ± 5.6 18 ± 1.1 29 ± 1.9 
8 119 ± 6.4 6±0.5 113 ± 6.6 18 ± 1.1 28 ± 2.0 
10 112 ± 5.2 6 ±0.6 111 ±7.2 17±1.l 25 ± 2.3 
Layer (1:1) 
0 226 ± 1.2 23 ± 0.4 197 ± 14.9 28 ± 2.4 86 ± 2.4 
2 153 ± 2.0 11 ± 0.3 173 ± 1.6 24 ± 0.8 48 ± 1.7 
4 143 ± 4.1 8±OA 143 ± 4.2 20 ± 0.8 39 ± 0.7 
6 134 ± 2.6 8 ± OJ 132 ± 1.6 19 ± 0.8 35 ± 1.6 
8 121 ± 3.0 7 ± 0.1 130 ± 2.1 18 ± 0.8 33 ± 2.3 
10 114 ± 3.3 6 ± 0.1 128 ± 2.2 17±l.S 29 ± 1.9 
Standard errors are given 
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Table 3.11 Results of linear regression between litter quality parameters and mass loss. 
% variations Slope Intercept t probability 
explained 
Lignin 73.2 2.7 -82.8 <0.001 
Polyphenols:N 66.6 -33.4 66.6 <0.001 
N 50.5 40.8 -16.4 <0.001 
C:N 48.1 -1.3 88.0 <0.001 
Soluble carbohydrates 45.4 -0.8 45.4 <0.001 
Cellulose 36.3 -3.0 75.6 <0.001 
HLQ 35.1 -129.1 76.5 <0.001 
Lignin:P· 12.4 -0.8 67.1 <0.001 
Lignin+Polyphenols:N 12.4 -0.8 67.1 <0.001 
Lignin:cellulose 10.0 1.9 29.6 <0.001 
Lignin:N 9.4 -0.7 63.3 <0.001 
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The proportions of N, P, and K in senescent needles were very much lower compared to 
that of green needles. One explanation may be that of nutrient conservation within the plant 
system. During leaf senescence and prior to abscission large proportions of photosynthates 
and some key nutrients such as Nand P will be withdrawn from leaves into twigs. Mg and 
K are more mobile and thus a major portion of K and Mg from leaves may be released as 
readily by leaching of senescent leaves. Duvigneaud and Denaeyer De Smet (1970) showed 
that 53% ofN, 57% ofP, and 67% ofK were withdrawn into twigs from leaves before 
abscission in oak (Quercus robur). Calcium shows a different pattern, the concentration of 
Ca in leaves commonly remains the same or increases during senescence (Brown, 1974). 
The results of the present study indicate that senescent needles had 57%,60%, 75% and 2 
% less N, P, K and Ca respectively compared to green needles. 
3.4.2 Mass Loss Pattern in Microcosms and Field Study 
The present results support the hypothesis that decomposition is regulated by litter quality 
when all other factors are kept constant. Green needles recorded the highest mass loss 
among the treatments studied (72%) and senescent needles showed the lowest mass loss 
(27%). In a study using microcosms Gillon et al. (1994) observed that after 14 months of 
incubation aleppo pine needles (Pinus halepensis) had lost 55% of mass for senescent 
needles and 75% for green needles. In the field senescent aleppo pine needles enclosed in 
litter bags and placed on the soil in the Marseille region of southern France had lost on an 
average 48% of their mass after 26 months. They concluded that the speed of 
decomposition in the microcosms was 4 to 6 times faster than in natural conditions. 
Gallardo and Merino (1993) found that two years of incubation of Quercus coccifera litter 
in the field was equivalent to six months incubation in microcosms. Taylor et al. (1989) 
also noted that in microcosms maintained at 26°C, two months of mass loss corresponded 
to 1 year for the same species in field and that of four months was equivalent to 1.5 to 2 
years in the field. 
Results for green needle mass loss under field conditions in the present study (73%) were 
higher than the mass loss reported for green needles of Picea abies (47%) and Pinus 
sylvestris (23%) under field conditions in Sweden after 12 months (Hyvonen et al., 2000). 
The present study results were also higher than the mass loss reported for green needles of 
western hemlock (36.2%) and Pacific silver fir (36.6%) after 1 year under field conditions 
(Edmonds and Thomas, 1995). However, in the present study, field experiment results 
recorded mass loss values similar to those observed in microcosms (Table 3.4 and Table 
3.6). The differences in mass loss rates reported by other studies and that of the present 
study can be attributed to variations in litter quality among species and differences in 
environmental conditions under which these experiments were carried out. 
3.4.2 Effect of Green Needles on Decomposition of Senescent Needles 
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Table 3.13 compares the average mass loss of green and senescent needles with mass loss 
from mixture and layer treatments at different sampling times. There was no significant 
difference (p<O.05) between mixture and layer treatment mass loss rates throughout the 
incubation period. The combined mass loss of green and senescent in mixture and layer 
treatments was close to the average of green and senescent needles decomposition rate 
when incubated separately for each sampling time. This indicates that there was no 
interaction between green and senescent needles in the mixed and layered treatments. The 
lack of interaction might be due to preference for a substrate by the decomposing 
microorganisms. Fungal communities involved in the decomposition processes change with 
the substrate material (Ponge, 1991). For example, fungi decomposing hardwood litter may 
be entirely different from those involved in the decomposition of pine needles (Watson et 
at., 1974). Within a particular species different stages of decomposition may be dominated 
by different species of fungi. Within ecosystems different substrates are decomposed by 
different fungal communities (Burges, 1939). Thus the fungal communities found in green 
needles might be entirely different from those found in senescent needle litter (Sieber-
Canavesri and Sieber, 1993). Furthennore, the relative distribution of organic constituents 
within litter is also a crucial factor in colonization by decomposer communities. While 
fungi which decompose simple sugars are predominantly Phycomycetes, cellulose 
decomposing fungi mostly belong to Ascomycetes, and Basidiomycetes are considered to 
be lignin degraders (Watson et at., 1974). In the present study green needles contained a 
greater quantity of simple sugars than senescent needles and senescent litter contained 
greater concentrations of cellulose and lignin. These differences may have led to 
differences in the fungal communities involved in the decomposition of green and 
senescent needles, and consequently differences in decomposition rates. The lack of 
significant interaction between green and senescent needles indicates that the impact of 
addition of green needles to the forest floor on decomposition of senescent litter and hence 
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Table 3.12 Results of multiple regression between mass loss and litter quality 
parameters. 
Variables Coefficient Std Error P(2 tail) 
Constant -51.1 6.6 <0.001 
Lignin 1.4 0.1 <0.001 
N 33.0 1.4 <0.001 
HLQ -60.9 7.9 <0.001 
Table 3.13 Means of mass loss (%) in each sampling time. 
Treatmerits \ Months 2 4 6 8 10 
Mixture (1:1) 39.2 47.4 51.5 52.8 55.1 
(1.38) (1.38) (1.31) (1.34) (1.61) 
Layer (1: 1) 36.7 45.3 49.2 52.1 53.1 
(0.51) (0.97) (1.16) (1.00) (1.17) 
A verage of Green & Senescent needles 36.1 42.2 46.2 47.8 49.8 
(1.10) (1.24) (1.48) (1.43) (1.41) 
LSD (0.05) 3.59 3.79 4.20 4.05 4.36 
Figures in parenthesis are standard errors. 
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the nutrient turnover rates in forest floor may be minimum. Thus, green needle inputs to the 
forest floor arising from management operations such as thinning and pruning, apart from 
adding nutrients and organic constituents, may have little impact on nutrient cycling 
processes on the underlying forest floor, at least in the short term. 
3.4.3 Organic Constituents 
Changes in organic constituents followed the typical decomposition pattern of organic 
constituents in litter. Green needles were rich in labile fraction (non-lignin fraction, 76%) 
compared to senescent needles and therefore lost mass faster than senescent needles. 
Carbohydrates make up a rather energy-rich substrate for litter decomposers, and they are 
one of the litter components first decomposed. Therefore, high initial concentrations of 
soluble carbohydrates together with favourable environmental conditions like higher 
temperature (20°C) and moisture availability in non-limiting levels has resulted in high 
total needle mass loss. This has been supported by the findings of other studies. Prescott et 
ai. (1993) reported that in the initial phase, up to 1 year in temperate regions 
(corresponding to 2-4 months in microcosms), the labile (non-lignin) fraction was rapidly 
metabolised by microorganisms or lost through leaching. Although some of the labile 
material is water soluble, research indicates that microbial metabolism rather than leaching 
is responsible for the greatest part of mass loss (Parsons et ai. 1990). Swift et ai. (1979) and 
Berg et ai. (1982) in two separate studies confirmed that during the residue decomposition 
the most rapid loss was of the monosaccharide (soluble sugar) fraction, followed by the 
polysaccharides (holocellulose), and finally lignin. 
In litter, cell wall polysaccharides form the bulk of the carbon and energy sources for the 
decomposing communities. A wide range of decomposers are capable of attacking all or 
part of this component. Lignin and cellulose are intimately associated within the cell wall 
of litter material. Although there is no chemical interaction between the two, the physical 
proximity of the lignin may retard enzymatic attack on the cellulose (Melillo et ai., 1982). 
The results of study clearly show that there was an inverse relationship between cellulose 
degradation and lignin content. 
Lignin is a recalcitrant compound and its concentration in residues is reported to increase in 
initial stages and decline as the decomposition proceeds (Berg and Tamm, 1991; 
McClaugherty and Berg, 1987). The soluble polyphenols content decreased rapidly in first 
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two months and stabilized thereafter. Loss of polyphenols could have been due to leaching 
while re-moistening the litter in microcosms or microbial decomposition as polyphenols 
can serve as a carbon substrate for decomposers (Martin and Haider, 1980). 
3.4.5 Model Fitting 
The assumption underlying the single exponential function (Equation 3.1) is that the 
relative decomposition rate remains constant as the amount of substrate remaining declines. 
It was observed in this study as well in those by others that as decomposition proceeds 
soluble components and relatively easily degradable (labile) compounds (non-lignin) will 
be rapidly utilized by decomposers, while more recalcitrant materials will be lost at 
relatively slower rates. Therefore it is hypothesised that several fractions of fresh litter 
would decompose at different rates and the total decomposition is represented by the sum 
of individual fractions. The litter material was broadly divided in to two fractions 
recalcitrant fractions (lignin) and labile fraction (non-lignin). The double exponential decay 
function (Equation 3.2) was used to describe the decay of these two fractions. 
From Table 3.5 it is evident that double decay function fitted data better (higher R2) than 
the single exponential function. The litter material is a composite material in which easily 
available or the labile fraction disappears more rapidly than the recalcitrant fraction 
(lignin). Thus different fractions had different decay rates. The shape of the curve of the 
total mass loss corresponds to that constructed by summation of a number of exponential 
functions describing the decomposition of different compound (Minderman, 1968). Figure 
3.7 shows the loss of labile fraction, refractory fraction and mass with time. It is evident 
that double exponential mociel, which assumes that litter is a composite material, describes 
decomposition better than the single exponential model. 
The results the present study compare well with other microcosm experiments. In a 
microcosm based study of Pinus halepensis needle litter decomposition Gillon et al. 
(1994), in a microcosm study, reported decay constants of 4.47 and 0.27 for labile and 
refractory components of green needles dried on the tree following the passage of a low 
intensity fire. In a field experiment, after 12 months of incubation, Edmonds and Thomas 
(1995) reported that green needles of western hemlock and Pacific silver fir have 
decomposed with decay constants of (single exponential decay constant) 0.33 and 0.31 
respectively. Berg and Agren (1984) observed in a field experiment that the labile and the 
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refractory fractions in senescent scots pine needle litter had decay constants of 0.505 and 
0.181 respectively. 
3.4.6 Nutrient Dynamics 
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Coniferous forests typically occupy sites of relatively low fertility and decomposition of 
litter material is an important mechanism for maintaining soil nutrient stocks (Gosz 1981; 
Waring and Schlesinger, 1985). Different elements in decomposing litter, however, have 
different patterns of release over time and it is obvious that elements are retained with 
different strength in the litter structures. One mechanism behind this is microbial 
immobilization (Swift et ai., 1979; Rutigliano et ai., 1998). The status of an element, 
limiting or non-limiting to microorganisms, determines its dynamics. The elements which 
are in limiting amounts (above the critical C: nutrient ratio) will be retained resulting in 
immobilization, where as elements in surplus (below the critical ratio) will be released 
during the decomposition period (Berg and Staaf, 1981). Nutrient dynamics is further 
influenced by the nature of chemical bonds that attach the elements to organic matter. 
Elements like Mg and K, which are not structural components, are susceptible to initial 
leaching losses (Staaf, 1980). In the present study N, and Mg were immobilized in green 
needles as well as senescent litters indicating that they were limiting to decomposers 
(Figures 3.5 and 3.6). The significant positive correlations (p<0.05) between mass loss and 
accumulated N (0.647 and 0.523 for green and senescent) and Mg (0.981 for senescent) 
confirm this. In case of senescent needles Mg was retained more strongly than N indicating 
that it was the most limiting element to the decomposer community. Calcium and K 
concentrations increased in the first two months in green litter but decreased thereafter. 
Phosphorus was released throughout the decomposition period. The impact of leaching on 
the loss nutrients from litters especially Mg and K was minimal. This is due to by the fact 
that Mg was actually immobilized in both green and senescent needle litters. 
The change in absolute amount of a nutrient element during decomposition (net 
immobilization or the net release of nutrients) is a function of both mass loss and change in 
the relative concentrations of elements in the residual litter. In the present study we 
observed net mineralization for all the nutrient elements under investigation (Figures 3.5 
and 3.6). This can be explained as follows. The assimilation ratio of the decomposer 
community is believed to be 0.2 (Bosatta et ai., 1980). This means that for each molar unit 
Table 3.14 Carbon to element ratios in litter and decomposing fungi. 
C:N C:P C:Ca 
Litter type 
Green 28.4 ± 0.62 277.3 ± 30.02 44.9 ± 2.68 
Senescent 64.7 ±2.82 679.7 ± 39.81 44.5 ± 2.21 
Fungal biomass 
Scots pine 1 12 64 
Jeffrey pine2 20 319 68 
Mixed deciduous forese 16 188 14 
Wood decaying fungi4 26 94 11 
IBaath and Soderstrom (1979) 
2 Stark (1972) 
3 Ausmus and Witkamp (1973) 
C:Mg 
312.0 ± 23.74 
320.8 ± 14.65 
204 
237 
346 
C:K 
65.0 ± 7.74 
251.2 ± 6.79 
41 
1840 
375 
136 
\0 
o 
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of organic carbon decomposed 0.8 is respired and 0.2 units are utilized for the production 
of microbial biomass. In relation to carbon, other nutrient elements are concentrated in the 
microbial biomass theoretically with a factor of 5. A balanced substrate, decomposed by 
microbes having a C:element ratio say x should then have a C: element ratio 5 x. This value 
theoretically corresponds to the critical ratio for that particular element. Any C: element 
ratio higher than the critical ratio should theoretically result in net immobilization of that 
particular element. However, critical ratios for different elements vary under different 
conditions (Blair, 1988). Table 3.14 shows the C:element ratio in microbial biomass 
reported by various sources and the initial C: elements ratio of different litter materials used 
in this study. 
Though the C:element ratio are quite variable amongst fungi types, it is very clear that the 
C:element ratios of green and senescent needles, observed in the present study, are clearly 
below the theoretical critical ratios for the respective nutrient elements. Therefore in the 
present study net mineralization (nutrient release in absolute terms) occurred for all the 
nutrients studied (Table 3.10). Prescott et ai. (1993) stated that nutrient release during the 
decay of labile fraction proceeds independently of that in the recalcitrant fraction. If, at the 
outset of decay, the mass of N or P is in the labile fraction is in excess of the needs of the 
decomposer organisms, regardless of quantity in refractory fraction, the labile fraction 
nutrients are released, and loss will be rapid because of the fast rate of the decomposition. 
3.4.7 Mass Loss and Litter Quality Parameters 
The importance of litter quality factors in controlling decomposition rate of litter has been 
well documented and several indices have been proposed (Fogel and Cromack 1977; Berg 
and Staaf, 1980; Melillo et ai., 1982; McClaugherty and Berg, 1987; Vanlauwe et ai., 
1997). The results of simple and multiple regression analyses showed that a combination of 
lignin, N, and HLQ were able to explain most of the variations observed in decomposition 
rates. For low N (less than 3%) and high lignin (more than 15%) residues initial N% and 
lignin % are better predictors of decomposition (Mafongoya et ai., 1998; Palm and 
Rowland, 1997). 
According to Berg (1986) decomposition of labile fractions (hydrosolubles, non-lignified 
cellulose and hemicelluose) are controlled by nutrient concentrations (N, P, S etc) and 
decomposition of difficult to decompose or recalcitrant fraction, composed of lignin and 
lignified carbohydrates (in which carbohydrates are chemically bound to lignin), depends 
on the initial lignin content and increases as cellulose content increases in lignified 
material. Fast growing microorganisms that degrade labile compounds are active in the 
early stage of the decomposition and their activity is enhanced by N. During this phase 
lignin content usually increases. In the late stages, lignin regulates decomposition 
(Couteaux et ai., 1991). An inverse relationship between litter mass loss and initial lignin 
concentration often exists, not only because lignins are recalcitrant as a consequence of 
their aromatic composition and structure (Harbourne, 1988; Waterman and Mole, 1994), 
but also because they can physically inhibit the activity of carbohydrases by masking the 
substrate surfaces of holocelluloses (Melillo et ai., 1982). High coefficient of 
determinations observed for lignin and HLQ in the present study seem to support the 
change of control of decomposition from soluble carbohydrates and nutrients in the initial 
stages of decomposition to changes in insoluble organic compounds in the latter stages of 
decomposition. 
3.5 Conclusions 
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Green and senescent litters differed markedly in their decomposition dynamics in 
microcosms maintained at a constant temperature and moisture. We conclude that litter 
quality differences between the litter types were the major factors responsible for the 
differences in decomposition rates. By using double exponential decay model it was 
possible to interpret these variations in mass loss as a function of the relative proportions of 
two compartments, one rapidly decomposable (labile fraction) and the second more 
resistant recalcitrant fraction. Lignin alone was able to explain a major amount of variations 
in mass loss amongst the treatments. A combination of percent lignin, percent Nand HLQ 
could explain more than 95% variations in the decomposition rates. The mass loss values 
from microcosm experiment compared very well with that of field experiment. Addition of 
green needles to the forest floor did not have any significant impact on the decomposition 
of the latter. The long-term implication of green needles addition to the forest floor for the 
long-term nutrient turnover of forest floor is believed to be minimal or non-significant. 
Green needles released nutrients much more quickly and in greater amounts compared 
senescent needles. Therefore addition of green needles to the forest floor can have a 
significant impact on the immediate nutrient availability in forest soils. 
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Note: A supplementary objective of this study was to examine the impact of successive 
rotations on senescent litter quality. To this end a preliminary experiment was carried out to 
analyse the litter quality of needles from three successive rotations of radiata pine at 
Eyrewelliocated on a similar soil type (Lismore) and management regimen. The results of 
this work are given in Appendix 1. The data showed little consistent differences in litter 
quality among needles from the three successive rotations. However, it is recommended 
that further investigation of this topic is warranted. 
Chapter 4 
Effects of Mixing Radiata Pine and Understorey Litters on 
Decomposition and Nutrient Release 
4.1 Introduction 
In New Zealand plantation forests are a prominent feature of the landscape. In 1998, 11 % 
of available land was under exotic plantations (Statistics New Zealand, 1998). The 
monoculture appearance of these plantations has obscured the fact that they harbor a wide 
range of understorey plants (Richardson et ai., 1993). It has been recognized that pine 
plantations have relatively high understorey plant species diversity (Allen et ai., 1995; 
Ogden et ai., 1997). The understorey beneath radiata pine (Pinus radiata) commonly 
comprises native shrub and fern species. Some of the commonly found exotic understorey 
species in radiata pine plantations in New Zealand include gorse (Uiex europaeus), broom 
(Cytisus scoparius), bracken (Pteridium aquilinum), and lotus (Lotus peduncuiatus) 
(Richardson et ai., 1996). Most reports on these species have been concerned with their 
eradication prior to afforestation and control during establishment and growth (Chavasse, 
1969). 
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Only a very few studies have been carried out to understand the effects of the understorey 
species in New Zealand radiata pine plantations (Richardson et ai., 1996). The effects may 
be beneficial due to N inputs from biological N fixation for broom, gorse and lotus as they 
are legumes (0' Toole et ai., 1984). Gorse is a hardy shrub usually nodulated and has the 
ability to fix N under adverse conditions (O'Toole, 1991). This ability to fix N under 
adverse soil conditions together with a compact growth habit has generated interest in gorse 
as a potential nurse crop in Ireland (O'Carroll, 1982). Reid (1973) has successfully 
demonstrated that gorse and broom can fix significant amounts of N in New Zealand forest 
ecosystems and it was found that broom nodules were more successful in fixing N than 
gorse. In contrast, Gadgil (1982) reported a greater N fixing rate for gorse than broom in 
New Zealand pine forests. The total above-ground biomass of gorse in scrub lands in New 
Zealand can range from 22.2 to 208 t ha-1 depending upon age of the plant (Fogarty and 
Pearce, 2000). Bracken is another dominant understorey species found in radiata pine 
plantations. Evans et ai. (1990) estimated that the aboveground living biomass of bracken 
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growing under pine was 3 times greater in summer than that in late winter. It was estimated 
that the bracken litter input to the forest floor, including standing dead fronds, was 26 t ha- l 
and contained appreciable amounts ofN, P, K, Mg, and Ca. Richardson et ai. (1996) 
estimated that the above ground lotus biomass in radiata pine plantations to be 4.5 t ha- l . 
However, there have been no estimates of broom biomass in radiata pine plantations. Thus, 
the addition of understorey litter in the form of litterfall or dead plants will influence the 
composition of forest floor and ultimately the fertility status of the soils. 
Addition of understorey litter to forest floor can have effects on the decomposition of pine 
needles. There have been studies which suggested that litter mixing can have a positive 
effect on mass loss. For example, Williams and Alexander (1991) have reported increased 
C and N mineralization rates due to mixing of sitka spruce (Picea sitchensis) and Scots pine 
litter. Briones and Ineson (1996) have reported an increase in the cumulative CO2 release 
from litter mixtures than that from the pure litter components. Litter mixing can also result 
in retardation of mass loss (Prescott, 1995). Thus the interaction between canopy and 
understorey litter may allow manipulation of litter quality to adjust the nutrient release from 
decomposing litter (Wedderburn and Carter, 1999). This microcosm study was conducted 
to test the hypothesis that addition of understorey litter to forest floor can have effects on 
the decomposition of pine litter and hence on the nutrient turnover rates in forest floor. The 
major objectives of the study were: 
(i) to determine the decomposition rates of pine and understorey litter; 
(ii) to study the nutrient release pattern from the decomposing litter of pine and 
understorey species; 
(iii) to study the interactions between pine and understorey litter on 
decomposition and nutrient release. 
4.2 Methods and Materials 
4.2.1 Litter Collection and Processing 
The litter material used in the microcosms was collected from Eyrewell forest (3.2.1). The 
forest composition consisted of a pure stand of radiata pine with understorey vegetation 
dominated by gorse, bracken, broom and lotus. Freshly fallen pine needles (overstorey 
vegetation) were collected from second rotation Eyrewell pine forest using litter traps 
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during the peak litter fall season (March to June). Three sampling plots were identified and 
5 meters long by 2 meters wide nylon mesh of 0.1 rom size was used to trap litter. The 
nylon mesh was spread on the forest floor firmly fixed by using iron pegs just before the 
~~~~~~~~~~~~~~~~~~ 
to a plastic bag for further processing. In the laboratory the litter samples were dried at 
room temperature (20°C) and stored in plastic bags. 
Standing dead aboveground litter samples of gorse, broom, and lotus were collected from 
Eyrewell forest area in April 1999. The litter samples mainly consisted of leaf but some 
amounts of woody parts were also included. The litter material was air dried and cut to a 
uniform size (approximately 2 cm long). A sub-sample of litter was taken for analysis. In 
addition to chemical analyses as outlined below, the water holding capacity was recorded. 
A known quantity (oven dry equivalent) of litter was soaked in deionized water overnight. 
In the morning excess water was drained and the wet weight litter was recorded. The 
difference between wet weight and oven dry weight was used to calculate the maximum 
water holding capacity of litter types. 
4.2.2 Microcosms 
A modified version of microcosm as described by Taylor and Parkinson (1988) was used 
(section 3.2.1). However, there was a slight change in the design of microcosm used in this 
particular study in that there was no sand layer below the soil. 
4.2.3 Soil Collection and Preparation 
Topsoil from a pine stand, adjacent to the place from which understorey litter was collected 
from, at Eyrewell forest was used in the microcosms. Field moist soil samples were 
collected and sieved to pass through 4 rom. Two sub samples of < 4 mm soil were 
collected. One sub sample was used to determine water content and moisture holding 
capacity. The other sub sample was sent to Hill laboratory in Christchurch to determine 
chemical properties and density. The soil sample was stored in a refrigerator (4°C). 
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4.2.4 Litter Incubation 
Litter samples were weighed out separately and soaked in a suitable amount (100 mL) of 
deionised water for 8 hours before incubation. Four replicates of nine litter treatments were 
incubated for 10 months in incubators at 20°C. These included separate litter materials 
(pine, bracken, gorse, broom, and lotus) and four mixtures of pine and understorey litter at 
1:1 by oven dry weight. The initial amount of litter used in microcosms was 18.5 g of oven 
dry weight except for the gorse and gorse-pine mixtures (15 g). 
The water used for pre-soaking was poured back to microcosms to avoid loss of soluble 
compounds. Throughout the incubation the samples were maintained at 80% FC by adding 
the required amount of deionised water by measuring the weight of microcosms. Sub 
samples of decomposing litter were collected after 2.5,5, 7.5 and 10 months to determine 
mass loss and chemical composition. Mass loss was determined by recording weight after 
drying litter samples at 70°C to a constant weight. For the 10th month litter mixture 
samples, mass loss of the un separated litter mixture was first recorded. The mixture 
treatment samples were then separated into pine and understorey litters and mass loss of the 
individual litter types was recorded separately. The samples were finely ground using a 
cyclone mill fitted with a stainless steel screen (1 mm) and stored in the dark prior to 
chemical analyses. 
4.2.5 Chemical Analyses 
The samples were analyzed for soluble carbohydrates, polyphenols, NDF, ADF, lignin, 
cellulose, hemicellulose, P, N, C, Ca, Mg, and K using the methods outlined in section 
3.2.1. 
4.2.6 Statistical Analyses 
The statistical analyses were carried out on both the relative concentrations and the total 
amounts of chemical constituents (apart from the mass loss data). For the 10th month litter 
mixture treatment samples, the values of unseparated litter mixtures were estimated by 
using the information on the proportion of separated (individual) litter fractions (pine and 
understorey) total weight and concentrations of chemicals in those fractions. Because the 
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Table 4.1 Physico-chemical properties oftop soil (2 cm) used in the microcosms. 
Property Value 
pH (1 :2.5) Water 4.80 
Olsen P(mg kg-I) 10 
Total P(mg kg-I) 539 
K(cmol+kg- I) 0.58 
Ca (cmol +kg-I) 3.50 
Mg (cmol + kg-I) 1.42 
Na(cmol +kg-I) 0.21 
Cation Exchange Capacity (cmol +kg-I) 27.30 
Base Satutation(%) 21 
C(%) 9.42 
N(%) 0.26 
Density (t m-3) 0.65 
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individual litter types in the mixed treatments had half the amount of mass compared to that 
of pure litter types at the beginning of the experiment, the total values of separated 10 
month individual samples were converted into percentage of the original total mass and 
total chemical component remaining. Univariate ANOV A was performed on this data 
along with pure litter data to determine the significance of treatments. 
Univariate analysis of variance was carried out for mass loss values as well as the other 
quality variables for each time point to determine the significant differences among 
treatments. When the F value was significant at 95%, the LSD was calculated for each time 
point to determine the differences (p<0.05) between treatment means by using the Genstat 
package Release 4.1 (Lawes Agricultural Trust (Rothamsted Experimental Station), 1997). 
Simple Co"elation Analyses 
Apart from ANOV A, simple linear correlation analyses were conducted between the mass 
loss values of different litter treatments and their respective chemical properties including 
the litter quality indices such as carbon to nutrient ratios, lignin:N, lignin:P, lignin: soluble 
carbohydrates, lignin :cellulose, lignin +polyphenols:N, polyphenols:N, and HLQ. 
Multiple Regression Analyses 
The results of correlation analyses were used to conduct forward step-wise multiple 
regression analyses to explain the variations among different treatments. All significant 
variables were then entered into forward step-wise multiple regression analyses (with alpha 
to enter = 0.05) so as to determine the least number of variables that could best explain the 
variability in litter mass loss. The step-wise multiple regression analyses were carried out 
for each of the different treatments and different fractions within mixture treatments using 
the Systat 9.0 computer package (Wilkinson, 1990). 
4.2.7 Model Fitting 
A double exponential decomposition model (section 3.2.4) was fitted to mass loss values to 
test the hypothesis that decomposition rate is a function of litter quality (labile and 
recalcitrant fractions) as defined in terms of its chemical constituents for both pure and 
mixed litter samples. 
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4.3 Results 
4.3.1 Soil and Initial Litter Characteristics 
The chemical properties of the soil collected from Eyrewell forest are listed in Table 4.1. 
Soil was acidic, high in C and N, low in Olsen P, low in base saturation but high in CEC 
with a C:N ratio of 36. 
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The freshly fallen pine needles had significantly greater amounts of soluble carbohydrates 
and polyphenols than that of any understorey species (Table 4.2). Gorse and bracken had 
greater soluble carbohydrates and lower polyphenol concentrations than broom and lotus. 
Holocellulose contents of understorey species were higher compared to that of pine. 
However, there were no significant differences in holocellulose or lignin concentrations 
among litter types. The lignin concentrations in litter types ranged from 313 mg g-l in gorse 
litter to 406 mg g-l in bracken litter. With the exception of bracken, lignin concentration in 
pine was higher than that of understorey species. 
The litter types differed in their total C concentration which ranged from 42% (bracken) to 
48 % (gorse). The total nutrient concentrations were significantly different among the litter 
types. As expected all the legumes (gorse, broom and lotus) had higher total N 
concentrations than the non-legumes. Bracken had the lowest N concentration. Phosphorus 
levels of pine and lotus were comparable while bracken litter had slightly less P than pine 
and lotus but much higher levels than gorse and broom. With the exception of lotus, 
understorey species recorded lower values for Ca compared to that of pine. The Mg 
concentration of pine was slightly more than that of broom and gorse but much lower than 
that of lotus and bracken. Pine had greater K concentrations than understorey species, 
which was lowest in broom. 
4.3.2 Mass Loss 
After 10 months in microcosms mass loss values for pure litter types were in the decreasing 
order of pine, lotus, broom, gorse, and bracken (Figure 4.1). The mass loss for pine was 
significantly greater than that of any understorey litter throughout the decomposition period 
(Tables 4.3 to 4.6). At the end of incubation among the understorey litters only bracken and 
lotus litters differed significantly in their mass loss (there were no significant differences in 
the mass loss values among bracken, gorse and broom litter). All the mixture treatments 
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recorded significantly lower mass loss values than that of pure pine needles. Among 
(unseparated) mixture treatments there were no significant differences in mass loss values 
after 10 months in microcosms. At the end of incubation the litter mixtures had lost around 
45% of their initial mass (Table 4.6). 
However, segregation of litter mixture after 10 months into individual species litter 
provided a better insight into the impact of litter mixing on decomposition (Figure 4.2 and 
4.3). Mixing of pine needles with broom or lotus litter had a negative effect on 
decomposition rate of pine needles to a greater extent than either gorse or bracken (Tables 
4.6 and 4.7; Figure 4.3). The differences between the mass loss of pure pine needles and 
pine needles mixed with gorse or bracken litter was not significant. 
The decomposition of understorey litters was also affected by litter mixing. The mixing of 
pine needles had a positive effect on the decomposition of broom. Broom mass loss 
increased by 75% when mixed with pine needles (Tables 4.6 and 4.7; Figure 4.2). 
However, mixing did not have any significant influence the decomposition of bracken, 
gorse, and lotus although there was a slight increase in mass loss of gorse and lotus due to 
mixing. 
4.3.3 Organic Constituents 
Hot Water Soluble Carbohydrates and Polyphenols 
The litter types studied differed significantly in their loss pattern of water-soluble 
carbohydrates throughout the incubation period (Table 4.2 to Table 4.6 and Figure 4.4'. 
The water soluble carbohydrate concentrations in pine and broom were 41 % of the original 
after 10 months, which was less than the decrease in lotus (63%). The decrease in the 
soluble carbohydrates concentration was maximum, in bracken (89%). In pine, broom, and 
lotus litters the loss of carbohydrates was gradual, while other understorey litters initially 
lost soluble carbohydrates at much higher rates. Loss of soluble carbohydrates was 
particularly rapid in case of bracken litter (68% during the first two and half months). 
Among the mixed litter treatments pine-bracken lost maximum carbohydrates (80%). In all 
other mixed treatments soluble carbohydrates concentration declined to 31 % (pine-gorse) to 
35% (pine-lotus and pine-broom) of their initial concentration. 
Table 4.2 Chemical properties (mg g.l ) of original litter materials prior to incubation. 
Litter materials Soluble Polyphenols Holocellulose Lignin C N P Ca Mg K 
Carbohydrates 
Pine 42.54 15.93 248.23 399.17 469.30 7.25 0.64 8.89 1.25 1.85 
(1.996) (0.056) (17.886) (21.005) (0.300) (0.001) (0.003) (0.005) (0.004) (0.003) 
Bracken 37.65 5.50 257.96 405.73 415.80 6.70 0.54 8.40 1.76 0.40 
(0.250) (0.003) (11.126) (21.143) (0.200) «0.001) «0.001) (0.004) «0.001) (0.002) 
Gorse 37.81 6.23 377.38 345.83 483.90 11.35 0.24 7.33 1.13 0.83 
0.309 0.763 (11.664) (16.536) (0.100) (0.002) (0.017) (0.540) (0.007) (0.004) 
Broom 23.59 9.42 386.03 313.05 471.70 14.16 0.26 6.78 0.87 0.04 
(1.804) (0.047) (16.606) (15.476) (0.154) (0.002) (0.004) (0.004) (0.003) (0.001) 
Lotus 17.35 11.45 452.56 362.87 449.20 13.41 0.65 11.17 1.94 0.68 
(0.235) (0.028) (17.185) (18.519) (0.200) (0.270) (0.001) (0.004) «0.001) (0.004) 
Pine & Bracken 40.09 10.71 253.09 402.45 442.55 6.98 0.59 8.64 1.51 1.13 
(1.123) (0.030) (14.506) (21.074) (0.250) «0.001) (0.001) (0.005) (0.002) (0.003) 
Pine & Gorse 40.17 11.08 312.81 372.50 476.60 9.30 0.44 8.11 1.19 1.34 
(0.844) (0.354) (14.775) (18.771) (0.200) (0.002) (0.010) (0.273) (0.006) (0.004) 
Pine & Broom 33.06 12.67 317.13 356.11 470.50 10.71 0.45 7.84 1.06 0.95 
(1.900) (0.052) (17.246) (18.241) (0.227) (0.002) (0.004) (0.005) (0.004) (0.002) 
Pine & Lotus 29.94 13.69 350.40 381.02 459.25 10.33 0.64 10.03 1.60 1.27 
(1.116) (0.042) (17.536) (19.762) (0.250) (0.136) (0.002) (0.005) (0.002) (0.004) 
LSD (0.05) 4.438 1.247 NS NS 0.690 0.439 0.029 0.877 0.014 0.012 
Figures in parenthesis are the standard errors. 
Table 4.3 Weight remaining (g), mass loss (%) and chemical properties (mg gol) oflitter materials after 2.5 months of decomposition. 
Mass loss Soluble Polyphenols Holocellulose Lignin C N P Ca Mg K 
Carbohydrates 
Pine needles 31.1 34.6 6.6 198.9 472.2 482.9 7.1 0.6 12.7 1.6 1.9 
(0.86) (0.81) (0.23) (4.06) (9.07) (8.61) (0.20) «0.01) (0.20) (0.07) (0.01) 
Bracken 6.0 12.2 4.8 189.5 425.5 433.0 7.1 0.5 8.8 1.9 0.4 
(0.19) (0.92) (0.06) (3.81 ) (3.54) (0.91) (0.03) «0.01) (0.07) (0.01) «0.001) 
Gorse 13.6 23.6 4.6 238.2 358.4 489.5 13.4 0.2 7.7 1.2 1.2 
(0.84) (1.97) (0.17) (13.70) (0.47) (6.70) (0.88) (0.01) (0.04) «0.01) (0.01) 
Broom 14.9 17.6 5.9 247.0 368.1 473.0 16.6 0.2 7.2 1.0 0.1 
(LSO) (0.70) (0.31 ) (13.62) (6.46) (4.92) (0.30) (0.01) (0.19) «0.01) «0.01) 
Lotus 18.5 14.7 4.4 276.5 389.4 466.8 16.3 0.4 11.6 2.0 0.9 
(1.01) (0.08) (0.02) (34.30) (4.51) (7.28) (0.24) (0.01) (0.03) (0.01) «0.01) 
Pine & Bracken 20.0 20.2 5.5 208.8 454.9 447.8 8.4 0.5 10.8 1.8 1.4 
(0.42) (0.80) (0.07) (1.40) (10.64) (7.27) (0.12) (0.02) (0.07) (0.04) «0.01) 
Pine & Gorse 20.1 22.7 7.1 283.5 478.2 476.0 11.5 0.3 10.0 1.4 1.7 
(2.41) (2.40) (0.12) (7.82) (12.08) (4.71) (0.39) (0.02) (0.17) (0.04) «0.01) 
Pine & Broom 19.1 20.9 5.1 289.5 377.5 471.8 13.1 0.4 9.7 1.2 1.2 
(1.48) (2.12) (0.14) (12.14) (6.95) (4.31) (0.28) «0.01) (0.18) (0.03) (0.02) 
Pine & Lotus 23.6 19.1 4.0 276.7 446.6 459.3 12.3 0.4 11.3 1.6 1.7 
(1.80) (3.22) (0.09) (5.16) (6.22) (0.85) (0.82) (0.01) (0.21) «0.01) (0.01) 
LSD (0.05) 3.89 5.04 0.46 41.24 21.70 16.51 1.32 0.03 0.43 0.09 0.03 
Figures in parenthesis are the standard errors. 
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Table 4.4 Mass loss (%) and chemical properties (mg g-I) of litter materials after 5 months of decomposition. 
Mass- Soluble Polyphenols Holocellulose Lignin C N P Ca Mg K 
loss Carbohydrates 
Pine needles 45.1 23.5 5.3 18l.5 492.9 490.3 8.7 0.6 15.6 1.9 2.1 
(2.89) (0.86) (0.27) (1.97) (4.79) (7.82) (0.55) (0.01) (0.63) (0.16) (0.09) 
Bracken 10.5 9.2 4.3 156.6 442.5 428.8 7.2 0.3 8.9 1.9 0.4 
( 1.10) (0.34) (0.09) (3.67) (9.23) (4.91) (0.18) (0.03) (0.05) (0.02) «0.01) 
Gorse 2l.7 17.3 4.2 185.0 386.0 432.3 14.4 0.2 7.9 1.3 1.3 
(l.29) (1.53) (0.27) (9.63) (8.40) (4l.44) (0.89) «0.01) (0.03) «0.01) (0.06) 
Broom 23.3 14.7 5.1 197.6 378.8 468.3 18.3 0.1 7.8 l.2 0.1 
(2.14) (0.64) (0.10) (l.82) (12.99) (29.24) (0.44) «0.01) (0.30) (0.04) «0.01) 
Lotus 22.1 11.7 2.1 217.6 400.0 429.7 16.9 0.2 11.8 2.1 0.9 
(0.58) (1.01) (0.13) (24.45) (l.44) (41.59) (0.04) «0.01) (0.15) (0.01) (0.01) 
Pine & Bracken 27.6 12.1 4.7 182.4 470.0 421.8 9.2 0.3 11.8 l.9 l.6 
(3.15) ( 1.32) (0.18) (5.52) (4.04) (38.33) (0.40) (0.03) (0.49) (0.08) (0.04) 
Pine & Gorse 3l.8 17.8 5.7 246.3 448.0 483.2 13.3 0.2 11.4 1.6 2.0 
(1.67) (2.67) (0.13) ( l.26) (46.04) (50.44) (0.76) «0.01) (0.62) (0.08) (0.01) 
Pine & Broom 27.3 15.6 4.7 252.2 408.2 431.6 14.0 0.3 10.6 1.3 1.3 
(1.10) (1.18) (0.09) (9.53) (3.10) (31.07) (0.17) (0.03) (0.15) (0.07) (0.03) 
Pine & Lotus 30.9 13.3 3.4 246.4 478.7 449.0 13.8 0.2 12.3 1.7 1.8 
(0.81) (1.00) (0.04) (5.68) (15.08) (32.35) (0.78) (0.03) (0.20) (0.05) (0.03) 
LSD (0.05) 5.36 3.85 0.46 28.47 50.46 102.10 1.59 0.06 l.06 0.21 0.12 
Figures in parenthesis are the standard errors. 
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Table 4.5 Mass loss (%) and chemical properties (mg g-l) oflitter materials after 7.5 months of decomposition. 
Mass loss Soluble Polyphenols Holocellulose Lignin C N P Ca Mg K 
Carbohydrates 
Pine needles 56.6 21.4 5.3 119.6 517.4 486.5 10.8 0.5 18.7 2.4 2.2 
(2.59) (0.27) (0.27) (4.34) (4.82) (5.06) (0.63) (0.01) (0.96) (0.11) (0.09) 
Bracken 22.2 7.8 4.3 144.8 485.2 420.6 8.2 0.2 10.2 2.1 0.6 
(2.36) (0.070 (0.09) (5.75) (4.75) (5.46) (0.18) (0.02) (0.40) (0.15) (0.02) 
Gorse 27.4 14.8 4.2 169.1 406.4 454.9 15.0 0.2 8.3 1.4 1.5 
(0.81) (1.86) (0.27) (4.69) 0.41) (44.97) (0.80) «0.01) (0.07) (0.02) (0.17) 
Broom 29.4 10.8 5.1 152.5 404.4 486.4 19.7 0.1 8.3 1.3 0.1 
(1.37) (1.25) (0.10) (18.65) (6.22) (15.45) (0.29) «0.01) (0.12) (0.04) «0.01) 
Lotus 27.4 8.8 2.1 182.4 426.8 443.6 17.9 0.1 12.1 2.2 1.1 
(0.48) (LlO) (0.13) (11.94) (1.76) (40.02) (0.14) (0.01) (0.42) (0.00) (0.01) 
Pine & Bracken 33.5 8.7 4.7 166.0 480.6 416.8 9.7 0.2 12.8 2.1 1.7 
(1.92) (0.74) (0.18) (5.30) (3.90) (31.31) (0.24) (0.02) (0.31) (0.06) (0.02) 
Pine & Gorse 40.3 16.6 5.7 214.5 495.5 464.6 14.9 0.1 12.8 1.8 2.2 
( 1.25) (2.29) (0.13) (0.87) (55.93) (24.78) (0.56) (0.02) (0.39) (0.03) (0.03) 
Pine & Broom 34.6 12.5 4.7 221.2 452.2 449.7 15.3 0.2 11.7 1.4 1.6 
(2.24) (0.69) (0.09) (6.05) (16.48) (25.18) (0.58) (0.01) (0.29) (0.08) (0.10) 
Pine & Lotus 37.0 12.1 3.4 227.5 498.2 437.3 14.5 0.2 13.4 1.8 2.0 
(2.06) (1.04) (0.04) (3.06) (14.19) (23.53) (0.41) (0.01) (0.36) (0.10) (0.02) 
LSD (0.05) 5.26 3.57 0.48 24.45 58.88 79.18 1.38 0.04 1.28 0.23 0.21 
Figures in parenthesis are the standard errors. 
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Table 4.6 Mass loss (%) and chemical properties (mg g-l) oflitter materials after 10 months of decomposition. 
Mass Soluble Polyphenols Holocellulose Lignin C N P Ca Mg K 
loss Carbohydrates 
Pine needles 63.5 17.5 4.4 75.0 541.5 451.5 12.3 0.5 21.6 2.7 2.1 
(2.32) (0.28) (0.07) (3.87) (2.69) (4.17) (6.14) «0.01) (1.50) (0.12) (0.15) 
Bracken 26.0 4.0 4.0 134.9 517.2 416.0 8.7 0.2 10.4 2.3 0.7 
(2.35) (0.03) (0.04) (1.22) (4.77) (13.32) (1.17) (0.01) (0.72) (0.22) (0.09) 
Gorse 30.1 11.6 3.9 114.5 418.0 444.2 15.1 0.1 8.6 1.4 1.5 
(1.39) (1.77) (0.27) (5.59) (4.49) (37.30) (0.98) «0.01) (0.09) «0.01) (0.22) 
Broom 30.2 9.6 4.8 116.0 408.2 468.8 19.8 0.1 8.0 1.3 0.1 
(1.03) (1.12) (0.16) (6.58) (8.67) (16.94) (0.17) «0.01) (0.22) «0.01) «0.01) 
Lotus 39.9 6.3 2.0 130.2 429.4 419.1 19.4 0.0 14.7 2.3 1.3 
(6.81) (0.46) (0.15) (3.80) (3.18) (33.74) (1.43) «0.01) (0.94) «0.01) (0.03) 
Pine & Bracken 42.1 8.0 4.6 141.3 526.6 447.5 8.9 0.2 12.4 2.2 1.9 
(1.64) (0.57) (0.17) (4.25) (3.45) (12.01) (0.32) «0.01) (0.10) «0.01) (0.03) 
Pine & Gorse 47.2 12.5 4.5 195.2 588.3 466.4 14.2 0.1 14.3 2.1 2.3 
( 1.46) (0.73) (0.32) (3.51) (3.58) (17.36) (0.55) (0.02) (0.56) «0.01) (0.02) 
Pine & Broom 44.4 11.7 3.3 155.7 533.8 463.8 15.8 0.2 11.6 1.6 1.8 
(1.26) (0.50) (0.15) (3.22) (2.64) (3.15) (0.87) «0.01) (0.10) «0.01) (0.05) 
Pine & Lotus 46.5 10.3 3.2 162.8 528.6 486.7 14.6 0.2 14.8 2.2 2.2 
(2.15) (0.77) (0.11) (1.24) (2.58) (16.30) (0.60) «0.01) (0.22) (0.02) (0.01) 
LSD (0.05) 13.050 2.182 0.656 16.800 34.650 42.830 2.031 0.013 1.328 0.183 0.192 
Figures in parenthesis are the standard errors. 
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Table 4.7 Mass loss (%) and chemical properties (mg g-l) of separated pine and understorey litter materials after 10 months of 
decomposition. 
Mass loss Soluble Polyphenols Holocellulose Lignin C N P Ca Mg K 
Carbohydrates 
Pine (with Bracken) 59.6 10.8 5.1 82.5 516.8 416.5 11.3 0.3 16.7 2.9 2.1 
(2.58) (0.51) (0.09) (0.92) (3.44) (5.64) (0.16) «0.01) (0.22) «0.01) (0.02) 
Bracken (with pine) 21.2 6.2 4.2 165.0 582.1 443.5 7.3 0.2 9.6 2.0 0.7 
(3.17) (0.45) (0.18) (1.25) (2.75) (2.96) (0.13) «0.01) (0.25) «0.01) (0.01) 
Pine (with Gorse) 52.7 13.2 4.6 85.1 582.1 452.5 13.7 0.2 18.0 2.5 2.0 
(9.21) (1.25) (0.41) (0.67) (2.87) (1.19) (0.81) (0.03) (0.18) «0.01) (0.06) 
Gorse (with pine) 37.6 11.5 4.2 264.7 553.5 478.8 13.7 0.0 10.6 1.4 1.5 
(7.94) (0.28) (0.57) (2.56) (3.04) (4.39) (0.81) «0.01) (0.16) (0.01) (0.03) 
Pine (with Broom) 35.8 11.8 2.6 90.2 553.8 464.3 9.7 0.2 11.8 2.0 1.1 
(8.36) (0.84) (0.04) (0.99) (3.66) (4.87) (0.38) «0.01) (0.06) (0.02) (0.06) 
Broom (with Pine) 53.1 11.4 4.2 244.0 506.9 471.5 24.2 0.1 11.3 1.4 1.2 
(6.14) (0.20) (0.13) (2.55) (2.15) (0.96) (0.76) «0.01) (0.24) (0.01) (0.01) 
Pine (with Lotus) 41.3 10.4 2.8 99.2 606.8 469.3 10.0 0.2 13.6 2.0 1.3 
(0.81) (0.35) (0.06) (2.45) (2.18) (4.85) (0.33) «0.01) (0.17) (0.02) (0.01) 
Lotus (with Pine) 48.7 9.6 3.5 225.9 405.6 444.5 18.9 0.1 15.2 2.6 1.6 
(3.87) (0.81) (0.25) (2.47) (1.94) (5.19) (0.46) «0.01) (0.12) (0.02) (0.01) 
LSD (0.05) 13.050 2.182 0.656 16.800 34.650 42.830 2.031 0.013 1.328 0.183 0.192 
Figures in parenthesis are the standard errors. 
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Figure 4.4 Changes in concentration and total amounts of soluble 
carbohydrates and polyphenols in decomposing litter materials 
with time. 
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The polyphenol concentration also decreased with time (Figure 4.4). The litter types 
differed significantly in the loss of polyphenols (Tables 4.2 to Table 4.6). By the end of the 
10th month maximum polyphenol concentration was found in broom litter and the minimum 
was recorded for lotus litter. Gorse and broom lost 37 and 49% of the initial polyphenols, 
respectively. In pine needles polyphenols concentration declined by 72%. After 10 months 
the polyphenol concentrations declined by 57%,60%, 74% and 77% in pine-bracken, pine-
gorse, pine-broom and pine-lotus mixed litter treatments, respectively. 
After 10 months pine needles mixed with broom or lotus litter retained relatively less 
polyphenols compared to the pine needles mixed with bracken or gorse (Table 4.7). 
Bracken mixed with pine retained the maximum (77% of initial concentration) amount of 
polyphenols compared to that of any other understorey litter. 
The total amounts of soluble carbohydrates decreased with time for all the litter types under 
investigation (Tables 4.8 to 4.12). The reduction in the total soluble carbohydrate content 
occurred rapidly during the first 2.5 months for all litter types and it was gradual thereafter 
(Figure 4.4). After 10 months bracken litter incubated separately or in mixture had lost 
most of the total soluble carbohydrates. Among understorey species gorse and broom still 
contained appreciable amounts of total soluble carbohydrates even after 10 months. The 
total soluble carbohydrates declined by a maximum of 87% (mixed bracken) to a minimum 
of 72 % (mixed lotus) of initial amount (Table 4.13). 
The total polyphenol content also decreased with time in all treatments (Tables 4.8 to 4.12). 
The loss of total polyphenols content was rapid during the initial stages in pine needles and 
it continued to decrease throughout the experiment (Figure 4.4). At the end of the 
experiment there were no significant differences between % total polyphenol remaining in 
pure pine needles and (separated) pine needles mixed with any of the understorey litters 
(Table 4.13). Amongst the understorey species the loss of total polyphenols was greatest 
from lotus (90% of original amount) and lowest from bracken litter (46%) (Table 4.13). In 
the un separated mixed litters loss of total polyphenols was lowest in pine-bracken (42%) 
and greatest in pine-lotus (87%). Among the separated mixed understorey litters bracken 
(mixed with pine) retained greatest amounts of polyphenols (60% of original) and lotus 
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lignin in decomposing litter materials with time. 
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Table 4.8 Total amounts (g) of organic compounds and nutrients in the original litter materials prior to incubation. 
Soluble Polyphenols Holocellulose Lignin C N P Ca Mg K 
Carbohydrates 
Pine needles 0.78 0.30 4.60 7.34 8.68 134.11 11.78 164.37 23.20 34.29 
(0.037) (0.001) (0.331) (0.389) (0.006) (0.019) (0.057) (0.088) (0.078) (0.064) 
Bracken 0.70 0.10 4.77 7.51 7.69 124.01 9.97 155.33 32.56 7.43 
(0.005) 0.000 (0.761) (0.761) (0.004) (3.841) (0.004) (0.070) (0.004) (0.029) 
Gorse 0.57 0.09 5.66 5.19 7.26 170.18 3.65 109.94 16.90 12.39 
(0.005) (0.011) (1.060) (1.148) (0.001) (2.655) (0.251) (8.094) (0.099) (0.063) 
Broom 0.44 0.17 7.14 5.79 8.73 261.96 4.89 125.51 16.15 0.76 
(0.033) (0.001) (0.075) (1.211 ) (0.004) (3.985) (0.080) (0.079) (0.053) (0.017) 
Lotus 0.32 0.21 8.37 6.71 8.31 248.09 12.00 206.73 35.89 12.66 
(0.004) (0.001) (0.873) (0.343) (0.004) (4.995) (0.025) (0.080) (0.004) (0.080) 
Pine & Bracken 0.74 0.20 4.68 7.45 8.19 129.06 10.89 159.85 27.88 20.86 
(0.021) (0.001) (0.546) (0.575) (0.005) (1.930) (0.031) (0.079) (0.041) (0.047) 
Pine & Gorse 0.68 0.19 5.13 6.29 7.97 152.14 7.72 137.16 20.05 23.34 
(0.021) (0.006) (0.696) (0.769) (0.004) (1.337) (0.154) (4.091) (0.089) (0.064) 
Pine & Broom 0.61 0.24 5.87 6.59 8.71 198.03 8.34 144.94 19.68 17.52 
(0.035) (0.001) (0.203) (0.800) (0.005) (2.002) (0.069) (0.084) (0.066) (0.041) 
Pine & Lotus 0.55 0.25 6.48 7.05 8.50 191.10 11.89 185.55 29.55 23.48 
(0.021) (0.001) (0.602) (0.366) (0.005) (2.507) (0.041) (0.084) (0.041) (0.072) 
LSD (0.05) 0.082 0.019 2.611 NS 0.013 8.122 0.447 13.163 0.222 0.203 
Figures in parenthesis are the standard errors. 
Table 4.9 Total amounts (mg) of organic compounds and nutrients in litter materials after 2.5 months of decomposition 
Weight Soluble Polyphenols Holocellulose Lignin C N P Ca Mg K 
Carbohydrates 
Pine needles 12750 441.35 83.88 2535.90 6020.65 6156.66 90.21 8.02 162.35 19.82 24.04 
(159) (11.404) (2.992) (28.742) (144.221) (103.303) (1.888) (0.104) (0.746) (0.624) (0.221) 
Bracken 17393 211.95 84.20 3294.95 7400.00 7530.95 123.05 7.81 152.69 32.24 7.04 
(35) (16.166) (1.121) (61.177) (69.590) (23.005) (0.364) (0.043) (1.129) (0.126) (0.016) 
Gorse 1296 305.70 60.04 3087.09 4644.64 6343.79 173.01 2.34 99.94 16.01 15.13 
(126) (28.136) (2.520) (187.101) (49.952) (96.710) (9.892) (0.096) (0.740) (0.136) (0.068) 
Broom 15751 277.62 92.68 3890.05 5797.35 7450.20 260.68 3.62 113.26 16.15 0.79 
(277) (14.557) (4.668) (164.798) (0.295) (78.620) (0.313) (0.272) (2.020) (0.238) (0.010) 
Lotus 15080 221.24 66.50 4170.05 5878.94 7038.59 246.18 6.67 175.14 30.79 13.21 
(186) (2.335) (0.886) (468.177) (30.470) (134.624) (1.060) (0.117) (2.182) (0.490) (0.143) 
Pine & Bracken 14810 298.91 81.69 3092.17 6737.32 6631.18 124.40 7.79 159.54 26.12 21.07 
(78) (10.412) (1.191) (28.825) (141.568) (116.840) (1.348) (0.252) (0.190) (0.510) (0.050) 
Pine & Gorse 11984 272.49 85.13 3397.42 5729.78 5704.04 137.81 3.99 119.94 16.98 20.30 
(362) (28.430) (2.875) (191.069) (230.768) (182.024) (5.032) (0.250) (3.207) (0.814) (0.379) 
Pine & Broom 14960 312.86 76.70 4330.21 5646.67 7057.31 195.60 6.52 144.66 17.69 17.70 
(273) (34.862) (3.324) (211.946) (90.541) (148.540) (0.656) (0.129) (0.052) (0.793) (0.456) 
Pine & Lotus 14135 270.56 56.12 3910.53 6313.12 6492.68 174.33 5.80 160.03 23.05 23.48 
(334) (50.003) (2.239) (146.950) (127.595) (150.090) (8.437) (0.212) (1.009) (0.499) (0.262) 
LSD (0.05) 668 75.13 7.791 60.39 34.47· 357 13.73 0.5265 4.594 1.535 0.6817 
Figures in parenthesis are the standard errors. 
Table 4.10 Total amounts (mg) of organic compounds and nutrients in litter materials after 5 months of decomposition. 
Weight Soluble Polyphenols Holocellulose Lignin C N P Ca Mg 
Carbohydrates 
Pine needles 10153 238.78 53.75 1842.91 5004.38 4977.26 88.07 5.80 158.23 19.64 
(535) (19.574) (l.953) (76.972) (257.000) (312.379) (l.006) (0.257) (2.784) (0.570) 
Bracken 16550 15l.74 70.28 259l.73 7323.56 7095.81 119.16 5.20 146.98 3l.84 
(204) (3.835) (l.652) (79.705) (88.268) (163.095) (l.695) (0.464) (1.249) (0.126) 
Gorse 11738 202.56 49.63 2171.80 4531.43 5073.96 168.74 1.98 92.12 14.94 
(193) (19.382) (3.990) (127.803) (48.469) (568.594) (7.670) (0.043) (1.446) (0.229) 
Broom 14190 208.46 72.89 2804.07 5374.48 6644.23 259.31 l.73 110.96 16.45 
(396) (10.027) (3.213) (80.870) (117.614) (285.391) (0.849) (0.085) (2.295) (0.239) 
Lotus 14405 168.20 30.69 3134.81 5762.02 6189.83 243.45 3.01 170.37 29.64 
(107) (15.276) (2.002) (354.997) (36.289) (634.890) (2.255) (0.079) (2.562) (0.211) 
Pine & Bracken 13398 16l.62 63.00 2443.36 6296.48 5650.40 123.26 4.60 158.58 26.01 
(583) (12.992) (l.483) (171.304) (259.056) (495.613) (1.165) (0.213) (0.353) (0.650) 
Pine & Gorse 10228 182.41 57.85 2519.20 458l.61 4941.25 135.77 2.24 116.89 16.19 
(250) (24.986) (l.267) (59.900) (486.913) (475.941) (4.862) (0.054) (3.605) (0.482) 
Pine & Broom 13459 209.33 62.65 3393.65 5493.56 5808.12 188.09 3.55 142.78 17.40 
(204) (18.251) (0.924) (83.348) (70.409) (417.329) (0.598) (0.323) (0.791) (0.816) 
Pine & Lotus 12780 170.27 43.72 3148.99 6117.50 5738.22 176.68 3.02 157.53 21.91 
(149) (12.004) (0.473) (94.376) (153.600) (435.099) (9.384) (0.406) (1.169) (0.836) 
LSD (0.05) 967 47.160 6.244 44.320 62.990 1286.000 13.050 0.758 5.990 1.534 
Figures in parenthesis are the standard errors. 
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Table 4.11 Total amounts (mg) of organic compounds and nutrients in litter materials after 7.5 months of decomposition 
Weight Soluble Polyphenols Holocellulose Lignin C N P Ca Mg K 
Carbohydrates 
Pine needles 8033 171.74 42.52 960.89 4155.81 3907.81 86.95 4.10 149.88 18.95 17.53 
(479) (8.176) (4.608) (90.619) (254.195) (260.045) (0.950) (0.183) (2.578) (0.637) (0.409) 
Bracken 14395 112.60 61.13 2084.78 6984.56 6054.54 117.32 2.72 146.19 29.98 7.90 
(436) (2.542) (2.315) (48.835) (166.318) (207.206) (1.825) (0.209) (1.422) (1.483) (0.207) 
Gorse 10890 161.52 46.04 1841.84 4425.80 4953.11 162.80 1.76 90.22 14.84 16.24 
(121) (18.507) (2.936) (42.099) (54.510) (519.506) (8.151) (0.034) (0.767) (0.163) (1.732) 
Broom 13063 141.06 67.10 1991.45 5282.09 6353.01 256.68 1.34 108.43 16.63 1.28 
(254) (16.623) (2.354) (276.773) (145.223) (188.754) (1.372) (0.049) (1.615) (0.482) (0.010) 
Lotus 13428 118.44 28.61 2449.43 5730.77 5956.78 240.02 0.80 162.39 29.41 14.22 
(89) (15.261) (1.941) (166.290) (32.825) (562.397) (2.125) (0.076) (5.984) (0.197) (0.133) 
Pine & Bracken 12300 106.93 57.84 2042.09 5911.12 5126.64 118.70 2.79 156.94 25.46 20.65 
(355) (6.588) (1.680) (102.782) (191.226) (310.601) (0.561) (0.193) (0.816) (0.819) (0.127) 
Pine & Gorse 8961 148.27 50.69 1922.45 4440.43 4162.92 133.52 1.00 114.65 16.16 19.69 
(188) (20.170) (2.235) (33.580) (481.229) (189.019) (4.633) (0.172) (3.694) (0.194) (0.214) 
Pine & Broom 12091 151.40 56.28 2674.38 5467.46 5437.25 184.69 2.26 141.60 16.74 18.93 
(414) (13.102) (1.659) (130.816) (79.959) (302.519) (0.839) (0.210) (1.460) (1.130) (0.938) 
Pine & Lotus 11650 141.05 39.85 2650.33 5804.39 5093.96 168.63 1.74 155.91 21.46 23.24 
(381) (8.814) (1.637) (65.606) (138.735) (279.197) (8.578) (0.174) (1.799) (0.994) (0.387) 
LSD(0.05) 960 38.990 7.351 37.430 62.020 984.000 12.730 0.462 7.938 2.345 2.010 
Figures in parenthesis are the standard errors. 
Table 4.12 Total amounts (mg) of organic compounds and nutrients in litter materials after 10 months of decomposition. 
Weight Soluble Polyphenols Holocellulose Lignin C N P Ca Mg K 
Carbohydrates 
Pine needles 6753 118.23 29.91 506.53 3656.23 3048.75 82.89 3.27 145.76 18.20 13.90 
(429) (5.941) (1.984) (104.444) (250.022) (217.345) (1.359) (0.229) (2.989) (0.969) (0.631) 
Bracken 13695 54.19 54.84 1847.46 7083.20 5697.12 119.49 2.09 141.98 31.34 9.14 
(436) (1.756) (1.462) ( 46.157) (521.175) (340.614) (12.613) (0.249) (6.334) (3.070) (1.020) 
Gorse 10478 121.83 41.05 1199.38 4379.43 4654.49 157.69 1.56 90.19 14.60 15.23 
(208) (18.569) (3.585) (104.811) (62.546) (413.982) (7.704) (0.028) (0.894) (0.283) (2.052) 
Broom 12916 124.36 62.02 1498.32 5272.21 6054.74 255.09 1.20 103.77 16.93 1.34 
(191) (15.357) (2.566) (228.516) (146.176) (228.551) (1.969) (0.066) (1.473) (0.707) (0.008) 
Lotus 11118 69.57 21.94 1447.73 4773.30 4659.07 215.68 0.51 163.69 25.44 14.51 
(1259) (6.867) (3.275) (124.149) (511.143) (524.030) (17.615) (0.046) (11.540) (2.278) (0.661) 
Pine & Bracken 10703 86.00 49.50 1511.92 5636.20 4789.21 94.98 2.20 132.68 23.34 20.65 
(304) (7.439) (2.321) (42.939) (160.071) (199.048) (4.942) (0.062) (4.782) (0.663) (0.334) 
Pine & Gorse 7919 98.66 35.33 1546.06 4658.78 3693.98 112.33 1.03 113.37 16.49 18.49 
(219) (3.721) (3.141) (42.770) (128.880) (152.175) (2.504) (0.028) (3.318) (0.456) (0.289) 
Pine & Broom 10277 119.81 34.24 1600.40 5486.18 4766.37 162.31 1.61 118.78 16.18 18.40 
(232) (7.087) (1.313) (36.163) (123.968) (88.386) (6.152) (0.036) (3.652) (0.445) (0.297) 
Pine & Lotus 9895 102.35 31.70 1610.48 5230.23 4815.63 143.97 1.64 146.21 22.02 22.07 
(397) (6.421) (1.949) (64.669) (210.021) (189.009) (3.978) (0.066) (6.601) (0.884) (0.494) 
LSD (0.05) 1726 28.01 8.022 328.5 835.3 900 21.06 0.3602 17.44" 4.67 2.284 
Figures in parenthesis are the standard errors. 
-
-l 
retained the lowest (15% of original amount). The broom litter mixed with pine lost 
significantly more total polyphenols compared with pure broom litter. 
Holocellulose 
The concentrations of the holocellulose (cellulose plus hemicellulose) fraction in litter 
samples decreased steadily with time (Figure 4.4). After 10 months of decay there were 
significant differences in the holocellulose concentration among the different pure litter 
types (Table 4.6). 
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At the end of incubation pure pine needles and pine needles mixed with understorey litter 
did not differ significantly in their holocellulose concentration except for pine needles 
mixed with lotus litter in which case the pine litter had greater holocellulose concentration 
(Tables 4.6 and 4.7). The pine needles in litter mixtures contained 3 to 10% more 
holocellulose than pure pine needles. Mixing of pine needles and understorey litters 
resulted in retaining greater concentrations of holocellulose in both pine and understorey 
litters. All the pure understorey litters had significantly less concentration of holocellulose 
than that of the understorey litters mixed with pine needles. Mixing of litter types helped in 
conserving holocellulose in both pine and understorey litter materials. The total 
holocellulose content decreased in all litter types with time (Figure 4.4). The loss of total 
holocellulose fraction in all the litter types was much greater than that of the lignin fraction 
(Tables 4.8 to Table 4.12). At the end of incubation pure pine needles contained only 11 % 
of the original total holocellulose content. The pine needles had significantly lower total 
holocellulose than that of any understorey litter. After 10 months pine needles mixed with 
lotus or broom had significantly (p < 0.05) greater amounts of total holocellulose than that 
of pure pine needles (Table 4.13). 
At the end of incubation the total holocellulose content of pure bracken litter was 
significantly greater than that of other pure understorey litters (Table 4.13). However, 
among gorse, broom, and lotus litters differences in the total holocellulose content were 
insignificant. Among understorey species holocellulose loss was greater from lotus (83% of 
initial content) and least from bracken (61 %). Mixing of pine litter had a significant impact 
on the total holocellulose content of the understorey litter (Table 4.13). The total 
Table 4.13 Proportions (%) of initial organic chemical compounds and nutrients remaining in litter materials after 10 months 
Treatments Mass loss Soluble Polyphenols Holocellulose Lignin C N P Ca Mg K 
Carbohydrates 
Pine (pure) 63.5 15.0 10.2 11.0 49.5 35.1 61.8 27.8 88.7 78.5 40.5 
(2.32) (0.76) (0.67) (2.27) (3.39) (2.50) (1.01) (1.,94) (1.,82) (4.18) (2.72) 
Bracken (pure) 26.0 7.8 53.9 38.7 94A 74.1 96.4 21.0 91.4 96.3 123.0 
(2.35) (0.25) (1.44) (0.97) (3.78) (4.43) (10.17) (2.49) (4.08) (9.43) (13.73) 
Gorse (pure) 30.2 21.5 43.9 21.2 84A 64.1 92.7 42.8 82.0 86.4 122.9 
( 1.39) (3.27) (3.84) (1.85) (1.,21) (5.70) (4.53) (0.77) (0.81) (1.68) (16.57) 
Broom (pure) 30.2 28.5 35.6 21.0 91.,0 69.4 97.4 24.5 82.7 104.8 177.5 
(1.,03) (3.52) (1.47) (3.20) (2.52) (2.62) (0.75) (1.35) (1.17) (4.38) (1.05) 
Lotus (pure) 39.9 21.7 lOA 17.3 71.1 56.1 86.9 4.3 79.2 70.9 114.6 
(6.81) (2.14) (1.55) (1.48) (7.61) (6.31) (7.10) (0.39) (5.58) (6.35) (5.22) 
Pine (with Bracken) 59.6 10.3 12.8 13.4 52.3 35.8 62.8 16A 75.9 93.1 68.6 
(2.58) (1.04) (1.03) (0.86) (3.34) (2.36) (3.70) (1.05) (4.85) (4.80) (2.47) 
Bracken (with pine) 21.2 13.1 60.3 50.4 113.1 84.1 85.3 24.7 90.6 89.9 136.8 
(3.17) (1.28) (2.11) (2.03) (4.54) (3.56) (6.32) (0.99) (5.49) (3.61) (7.86) 
Pine (with Gorse) 52.7 14.7 13.6 16.2 69.0 45.6 89.1 17.7 95.9 95A 74.5 
(9.21) (2.04) (2.97) (3.16) (13.44) (8.82) (14.51) (3A5) (18.67) (17.11) (9.62) 
Gorse (with Pine) 37.6 19.0 42.1 43.8 99.9 61.7 75.1 10.1 90.0 77.4 116.3 
(7.94) (2.19) (5.58) (5.57) (12.71) (7.38) (11.94) (1.29) (12.99) (12.39) (11.92) 
Pine (with broom) 35.8 17.7 10.7 23.3 89.1 63.5 85.5 23.1 85.0 103.4 56.5 
(8.36) (2.89) (1.33) (3.04) (11.60) (8.53) (24.71) (3.00) (17.91) (15.49) (9.10) 
Broom (with pine) 53.1 22.8 21.1 29.7 76.0 46.9 80.2 10.6 78.0 73.3 1336.8 
(6.14) (2.77) (3.08) (3.88) (9.93) (6.15) (11.77) (1.38) (10.20) (9.59) (174.85) 
Pine (with lotus) 41.3 14.3 10.4 23.5 89.2 58.7 81.1 22.1 90.0 94.1 62.0 
(0.81) (0.32) (0.34) (0.32) (1.24) (0.62) (2.33) (0.31) (1.55) (1.47) (0.86) 
Lotus (with Pine) 48.7 28.3 15.5 25.6 57.3 50.8 72.2 5.5 69.9 68.8 116.2 
(3.87) (3.64) (1.87) (1.93) (4.33) (3.95) (5.74) (0.42) (5.28) (4.06) (6.06) 
LSD (0.05) 14.80 6.609 7.193 7.771 21.27 15.51 29.37 4.977 26.06 22.09 125.62 
Figures in parenthesis are the standard errors. 
holocellulose content in understorey litters mixed with pine needles was significantly 
greater than pure understorey litters. 
Lignin 
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The concentration of lignin increased with time in all litter types during the study period 
(Tables 4.2 to 4.6; Figure 4.5). The lignin concentration in pine and bracken litter did not 
vary significantly at any sampling time. The concentration of lignin in pure pine needles 
was significantly greater than that of pure gorse, broom, and lotus litters from 2.5 months 
onwards (Tables 4.3 to 4.6). Among pure litters the maximum increase in lignin 
concentration was observed for pine needles (36% increase). At the end of the incubation, 
pure bracken litter had a significantly greater lignin concentration compared to the other 
understorey litter materials (Table 4.6). The differences in lignin concentrations among 
pure understorey litters of gorse, broom and lotus were insignificant (except at 2.5 months). 
After 10 months in un separated litter mixtures the lignin concentration increased by 31 % 
(pine-bracken) to 58% (pine-gorse) (Tables 4.2 and 4.6). Once again the separation of 
mixtures into individual litter types provided a better insight into lignin dynamics (Tables 
4.6 and 4.7). Significant differences in lignin concentration were observed between the pure 
pine needles and the pine needles mixed with gorse or lotus. Mixing with gorse or lotus 
significantly increased the lignin concentration of pine needles. However, mixing of pine 
needles with bracken or broom did not alter the lignin concentration of pine needles. 
Understorey litter mixed with pine needles had different lignin concentrations from that of 
pure understorey litter (Table 4.6 and Table 4.7). Mixing increased lignin concentrations 
significantly in bracken, gorse, and broom litters. Lotus litter showed a slight decrease in 
lignin concentrations when mixed with pine litter but this was not significant. 
Total lignin content decreased in pure litter types with decomposition (Figure 4.5). The 
degradation of lignin was greatest in pine (50%) among the pure litter types (Table 4.13). 
The least degradation of total lignin was observed in bracken litter with 94% of initial 
content still present after 10 months of incubation. 
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Figure 4.6 Changes in concentrations and total amounts of Nand P in 
decomposing litter materials with time. 
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Interesting results were obtained for changes in lignin in mixtures. The reduction in total 
lignin in pine varied with different understorey species (Table 4.13). The loss of lignin 
fraction in pine needles varied from 11 % (broom and lotus) to 48% (bracken). The 
degradation of total lignin in pine needles mixed with lotus or broom was significantly (p < 
0.05) less than that of pure pine needles. The mixed understorey litter differed from the 
pure understorey litter in the total lignin contents (Table 4.12 and Table 4.13). There was a 
net increase (13%) in the total lignin content in bracken litter mixed with pine. The total 
lignin content remained at the original level in gorse mixed with pine, and decreased in 
broom (by 34%) and lotus (by 43%) when mixed with pine needles. The mixing of broom 
and lotus litters with pine lead to a significant reduction in total lignin content in both pine 
as well as understorey litter. 
Total Carbon 
In pine needles, incubated separately, total C concentration increased by 4% at the end of 
7.5 months before it decreased to 96% of the original concentration by the end of the 
incubation (Tables 4.2 to 4.6). The total C concentration in both bracken and lotus litter 
increased by 4% during the first 2.5 months before decreasing to 85% and 93% of the 
original concentration by 10 months, respectively. Broom litter total C concentration did 
not change significantly except for an increase of 3% by 7.5 months before it decreased to 
99% of its original concentration at the end of the experiment. Gorse C initially increased 
up to 2.5 months, decreased by the 5th month, and increased again by 5% by 7.5 months 
before it finally decreased to 92% of the original amount by 10 months. These small 
changes in C concentrations were however, not significant in any species. 
The pine needles recorded no change in C concentration when mixed with lotus or broom 
but decreased when mixed with bracken or gorse (Table 4.6 and Table 4.7). The total C 
concentration of understorey litters in mixtures showed varying trends. It remained 
unchanged in gorse, broom, and lotus litters, but increased in bracken by 7%. The total 
amounts of C declined during decomposition of all litter samples. Pine recorded the 
maximum loss of C among the pure litter types and broom recorded the least (Tables 4.8 to 
4.12). After 10 months pine litter contained significantly less total C than the understorey 
litters (Table 4.12). There were no significant differences in the total C content among pure 
understorey litter materials. 
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The total C content of pine needles mixed with understorey litter varied markedly (Table 
4.13). The differences in the total C content of pure pine needles and pine needles mixed 
with broom or lotus were significant. The pine needles mixed with broom or lotus had more 
total C than pure pine needles. The differences among pure pine needles and those mixed 
with gorse and bracken were not significant. The pure bracken litter contained significantly 
less total C than that of mixed bracken litter. The total C in pure gorse and lotus litters did 
not differ significantly from their mixed counterparts. The broom litter mixed with pine 
needles lost significantly more total C compared with the pure broom litter. 
4.3.4 Nutrients 
Nitrogen 
The concentrations of N increased with time in all litters types studied (Tables 4.2 to 4.6; 
Figure 4.6). Among pure litter types pine needles recorded the greatest increase in N 
concentration (69%) and bracken recorded a gain of 33%. The increase in N concentration 
in the unseparated litter mixtures ranged from 27% (pine-bracken) to 53% (pine-gorse). At 
the end of 10 months the concentration of N in pure litters was in the order of lotus = 
broom> gorse> pine> bracken litter. The differences in N concentration were significant 
among litter types, except lotus and broom (Table 4.6). 
In separated mixture treatments, the increase in N concentration in mixed pine needles 
ranged from 33% (with broom) to 88% (with gorse). The concentrations of N in 
understorey litters mixed with pine were slightly less than that of pure understorey litters, 
except for broom. Broom litter in presence of pine immobilized more N (71 % more than 
time zero concentration) than pure broom litter (39% more than time zero concentration). 
There was a net release of N from all the litter treatments (Tables 4.8 to 4.12; Figure 4.6). 
The (pure) pine needles had released 38% of total N after 10 months. The total N content in 
pine needles at the end of experiment was significantly lower than all other treatments, 
except the mixture of pine and bracken. Among the understorey litters N release ranged 
from 3% (pure broom) to 13% (pure lotus). 
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Figure 4.7 Changes in concentrations and total amounts of Ca, Mg and K in 
decomposing litter materials with time. 
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The pine needles mixed with broom or gorse or lotus released less total N compared to pure 
pine needles or the pine needles mixed with bracken, though the decrease in N release was 
not significant (Table 4.13). After 10 months the understorey litters mixed with pine 
released relatively more N than the pure understorey litters, although differences were not 
significant. 
Phosphorus 
The pine and the lotus litters had similar total P concentrations at time zero (Table 4.2) but 
by the end of incubation the corresponding concentrations were different (Table 4.6; Figure 
4.6). While pine needles retained 76% of original P, the lotus was left with only 7% of the 
initial P concentration (Tables 4.2 and 4.6). After 10 months the P concentrations of 
bracken, gorse and broom decreased by 72%, 39%, and 65%, respectively. The pine 
needles in the presence of understorey litters tend to release more P than that when they 
decomposed alone (Table 4.7). The decrease in P concentration ranged from 59 to 63% in 
the presence of understorey litter compared to 24% when incubated separately (Tables 4.2, 
4.6 and 4.7). The decrease in P concentration in understorey litter in the presence of pine 
did not differ much except for gorse and to a lesser extent broom. The P concentration in 
gorse litter mixed with pine needles was only 16% of what it was at time zero, whereas 
pure gorse litter was 61 % of initial concentration. The mixed broom litter lost 12% more P 
concentration than pure broom litter. Bracken and lotus litter recorded a marginal decline in 
P concentration in the presence of pine needles. 
There was a net release of P in all the treatments (Figure 4.6). Among the pure litter types 
lotus lost the greatest amount of P (96%), followed by bracken (89%), broom (76%), pine 
(72%), and gorse (57%) (Tables 4.8 to 4.12). The mixing of litter types released more P 
from pine needles and ranged from 77% (with broom) to 84% (with bracken) (Table 4.13). 
The mixing of pine needles with understorey litter markedly affected the release of P from 
bracken, gorse and broom. Lotus however, did not show any major change. In the presence 
of pine needles bracken lost 11 % less P, while gorse and broom lost 33% and 14% more P 
compared to that lost when incubated alone. 
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Calcium 
Calcium was immobilized in all the litter types (Tables 4.2 to 4.6; Figure 4.7). The 
maximum increase in Ca concentration observed in pine needles (243%). Among pure 
understorey litters, lotus recorded maximum increase in Ca concentration during 
decomposition. In pure broom, immobilization peaked at 7.5 months before it decreased at 
the end of 10 months. However, by the end of incubation the Ca concentration in pure 
broom was still greater than the time zero concentration. 
Mixing with understorey decreased the immobilization of Ca in pine needles (Tables 4.6 
and 4.7). The increase in Ca concentration in pine needles in mixtures was significantly less 
than that of pure pine litter. On the contrary, mixing increased fixation of Ca in gorse and 
broom litters significantly, but not significantly in lotus litter. 
There was a net release of Ca in all the pure litter treatments after 10 months of 
decomposition in microcosms (Tables 4.8 to 4.12; Figure 4.7). The pure lotus released 
maximum (total) Ca (21 %) while Ca release from bracken was only 9%. The total Ca 
content of pure pine needles was significantly higher than gorse or broom litters but did not 
vary significantly from that of lotus. The mixing of litter did not have any effect on the 
total Ca dynamics in litter types (Tables 4.12 and 4.13). 
Magnesium 
The concentration of Mg increased with time in all the litter types studied (Figure 4.7). 
Among pure litter types pine needles recorded the greatest increase (215%). Among 
understorey litters, broom recorded the maximum increase in Mg (50%), compared with 
18-30% for other understorey litters (Tables 4.2 to 4.6). 
The mixing of pine needles with broom or lotus litters significantly reduced the Mg 
concentration in pine needles (Tables 4.6 and 4.7). On the contrary, mixing of litters 
increased Mg concentration of lotus and broom litters. The concentration of Mg in pine 
needles mixed with bracken increased but decreased in pine needles mixed with gorse. The 
changes in Mg concentration in pine needles mixed with bracken or gorse litter were not 
significantly different from that of pure pine needles. However, mixing resulted in a 
significant reduction in the Mg concentration of bracken litter but did not have significant 
impact in gorse litter (Tables 4.6 and 4.7). There was a marked increase in the Mg 
concentration in lotus litter mixed with pine needles. 
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There was a net release of Mg in all the pure litter types except broom (Tables 4.8 to 4.12; 
Figure 4.7). At the end of the experiment there were significant differences in the total Mg 
content among pine needles, bracken, and lotus (Table 4.12). There were no significant 
differences in the total Mg content among pine, gorse and broom litters. Pine needles 
released 22% of total Mg to decomposition (Figure 4.7). Among understorey litters the 
maximum net release was found in case of lotus, while the total Mg content of broom, 
increased by 5% after 10 months. 
The mixing of litter types altered the total Mg dynamics compared to Ca (Table 4.13). The 
broom litter, which immobilized Mg when incubated alone, showed a net mineralization 
when mixed with pine needles. The net release of Mg was not affected by mixing in other 
understorey litters. There was a slight increase in the release of Mg in gorse and lotus litters 
mixed with pine needles. The mixing also affected the Mg dynamics in pine needles too. 
The pine needles mixed with broom showed significant immobilization of Mg. The net 
mineralization of Mg was reduced in pine needles mixed with bracken or gorse or lotus. 
Potassium 
The K concentrations increased in all pure litter treatments (Tables 4.2 to 4.6). The increase 
in K concentration was greatest in broom (154%) and least in pine needles (11 %). The 
mixing of litter types had a considerable impact on K. The pine needles mixed with either 
broom or lotus litters had significantly lower K concentrations than that of pure pine 
needles. However, the K concentration did not differ significantly between pine needles 
mixed with bracken or gorse and pure pine needles at the end of incubation. The most 
significant effect of mixing pine and understorey litter could be seen in case of broom litter. 
At the end of incubation broom litter mixed with pine accumulated 28.5 times more K 
compared to time zero (Tables 4.2 and 4.7). The lotus litter also recorded significant 
increase in K concentration in presence of pine needles. Although there was a slight 
increase in the K concentration in gorse and bracken litters mixed with pine needles it was 
not significantly different from that of pure gorse and bracken litters. 
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The total K content in the different litter treatments increased with time except for pine 
needles either in mixtures or in isolation (Tables 4.8 to 4.12; Figure 4.7). Only pure pine 
needles recorded a net release of 59% K after 10 months of decomposition in microcosms. 
The mixing of pine needles with understorey litters decreased the total K content in pine 
needles (Tables 4.12 and 4.13). The K release was comparatively lower from pine needles 
mixed with bracken and gorse than from pine needles mixed with broom and lotus. The 
understorey litter K dynamics in mixed treatments was different from that in pure 
treatments. The mixing resulted in the net increase in K content for all understorey litters. 
While the overall trend remained unchanged in understorey litters, the magnitude of K 
accumulation increase was considerably greater in broom understorey litter mixed with 
pine needles. 
4.3.5 Correlation and Regression Analyses 
The results of correlation analyses are given in Table 4.14. Almost all the litter quality 
parameters registered significant (p<O.01) correlations with the mass loss. The variables 
with significant coefficient of determination (R2) were then entered in to a forward step-
wise multiple regression analyses. The results of the step-wise multiple regression analyses 
are presented Table 4.15. Multiple regression analyses revealed that only a few variables 
specific to each litter type adequately explained the variability in mass loss. A large 
variation in mass loss values of pure pine was explained by C:Ca ratio (Table 4.16). While 
HLQ explained variations in pure bracken to a large extent, polyphenols :N ratio explained 
variations in pure gorse broom and lotus litter mass losses 
The determinants of mass loss in mixed treatments were very different from those of pure 
litters. Lignin:soluble carbohydrates ratio was important in decomposition of pine needles 
mixed with bracken and broom. C:N ratio and N concentrations were able to explain large 
variations in decomposition of pine needles mixed with lotus and gorse, respectively. 
Mixed understorey litters also differed from pure understorey litter in determinants of 
decomposition. The variations in mass loss of bracken and gorse mixed with pine were 
explained by C:Ca ratio and lignin: cellulose ratio, respectively. The mass loss of broom 
and lotus mixed with pine were explained better by K and C:K ratio, respectively. 
Table 4.14 Results of correlation analyses between mass loss and litter quality parameters 
Parameters T2 T3 T4 T5 T6 T7 T8 T9 no 
PolyphenoIs -0.921 -0.717 -0.898 -0.918 -0.828 -0.873 -0.953 -0.897 -0.891 
PolyphenoIs:N -0.967 -0.95 -0.901 -0.947 -0.831 -0.926 -0.951 -0.906 -0.918 
Lignin -0.965 -0.907 -0.941 -0.935 -0.905 -0.939 -0.686 -0.905 -0.958 
HLQ 0.934 0.843 0.962 0.961 0.865 0.979 0.881 0.919 0.976 
Lignin:N -0.527 -0.836 _0.432NS -0.689 -0.85 -0.906 -0.132 NS -0.126 NS -0.592 
Lignin:Soluble carbohydrates -0.927 -0.964 -0.828 -0.807 -0.760 -0.857 -0.817 -0.950 -0.905 
Lignin:CeIIulose -0.557 -0.925 -0.979 -0.906 -0.875 -0.919 -0.824 -0.827 -0.816 
Lignin+PolyphenoIs:N -0.585 -0.846 -0.456 -0.766 -0.869 -0.925 -0.179 NS -0.236 NS -0.648 
C:N -0.802 -0.983 -0.703 -0.892 -0.752 -0.883 -0.887 -0.897 -0.854 
C:Ca -0.995 -0.981 -0.566 -0.776 -0.565 -0.905 -0.931 -0.950 -0.870 
C:Mg -0.957 -0.919 -0.665 -0.677 _0.506 NS -0.765 -0.903 -0.900 -0.623 
C:K -0.845 -0.95 -0.859 0.323 NS -0.522 NS -0.659 -0.528 -0.923 -0.608 
(all the parameters were significant at 99% unless mentioned "NS" next to the number) 
T2 - Pine needles 
T3 - Bracken litter 
T4 - Gorse litter 
T5 - Broom litter 
T6-Lotus 
T7 - Pine and Bracken mixture 
T8 - Pine and Gorse mixture 
T9 - Pine and Broom mixture 
TIO - Pine and Lotus mixture 
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Table 4.15 Multiple regression equations for mass loss (%) of different litter materials. 
Litter material Multiple regression equation R2 Equation 
Pine 102.834 - 21.864 * Polyphenols:N - 0.276 * Lignin:N - 0.452 0.998 4.1 
* C:Ca - 0.042 * C:K 
Bracken 127.884 - 0.248 * Lignin:Soluble carbohydrates - 0.144 * 0.950 4.2 
C:Mg - 0.027 * C:K - 163.365 * HLQ 
Gorse 62.049 - 76.456 * Polyphenols:N - 0.285* C:Ca. 0.844 4.3 
Broom 96.707 - 59.755 * Polyphenols:N - 2.612 * Lignin:N 0.921 4.4 
Lotus 3.459 + 48.851 * K - 40.161 * Polyphenols:N 0.974 4.5 
Pine & Bracken -16.162 + 61.861 * K- 22.786 * Polyphenols:N 0.981 4.6 
Pine (with bracken) 115.706 -0.125*N-3.009*Lignin:N+0.917*Lignin:Soluble 0.999 4.7 
Carbohydrates+ O.l13*C:K 
Bracken (with pine) 55.177- 1.115 * C:Ca 0.867 4.8 
Pine & Gorse 45.770 + 37.587* K -0.492 * Lignin:N-26.486 * 0.983 4.9 
Polyphenols:N -73.371 *HLQ 
Pine (with gorse) -59.707+ 8.235*N 0.915 4.10 
Gorse (with pine) -1528.558+ 82.752 * Polyphenols :N -1.997 * Lignin:Soluble 0.999 4.11 
Carbohydrates + 281.377 * Lignin:Cellulose+ 2.298* C:Mg 
Pine & Broom -47.190 + 4.145 * N-15.358 *Polyphenols:N + 1.059 * 0.993 4.12 
Lignin:N - 0.237 * C:Ca 
Pine (with broom) -8.899+0.935 *Lignin:Soluble Carbohydrates 0.779 4.13 
Broom (with pine) 57.678 - 4.321 * N -85.786* K 0.926 4.14 
Pine & Lotus -13.182 + 3.713 * Ca - 20.805 * Polyphenols:N + 0.012* 0.974 4.15 
C:Mg 
Pine (with lotus) 78.981 - 1.220 * C:N 0.997 4.16 
Lotus (with pine) 120.644 - 0.728*Holocellulose - 0.134*C:K 0.950 4.17 
Table 4.16 Percent total variation explained by different parameters in multiple regression equaitions. 
C:N N Lignin:N Polyphenols:N Ca C:Ca C:Mg C:K K HLQ Holocellulose Lignin: So luble Lignin:Cellulose 
Carbohydrates 
Pine 0.3 0.3 99.1 0.1 
Bracken 5.4 3.2 83.9 2.5 
Gorse 81.2 4.8 
Broom 2.4 89.7 
Lotus 90A 7.3 
Pine & Bracken 95A 2.9 
Pine with Bracken 0.1 0.4 0.1 99.3 
Bracken with Pine 86.7 
Pine & Gorse 0.3 9004 7.3 0.1 
Pine with Gorse - 91.5 
Gorse with Pine 8.5 11.0 1.5 78.9 
Pine & Broom - 90.7 1.7 0.8 13.0 6.2 
Pine with Broom 77.9 
Broom with Pine 2.0 - 90.6 
Pine & Lotus 84.3 0.1 
Pine with Lotus 99.7 
Lotus with Pine - 94.0 1.0 
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4.3.6 Double Exponential Model 
The decay constants for the recalcitrant (lignin) and the labile (non-lignin) fractions of 
different litter materials are presented in Table 4.17. The results showed that the decay 
constant values were greater for labile fraction than the recalcitrant fraction in all litter 
types. Further more, there were considerable differences in decay constant values for labile 
and recalcitrant fractions among the different litter types including mixtures. The pine 
needles recorded the fastest rate of decay among pure litter types and bracken had the 
slowest rate of decay both for the labile and recalcitrant fractions. The litter mixtures had 
very different decay rates compared to the pure litter types. Among litter mixtures the pine-
bracken combination had the slowest decay rate for labile and recalcitrant fractions and 
pine-lotus-combination recorded the fastest decay rate for labile and recalcitrant fractions. 
4.4 Discussion 
4.4.1 Decomposition of Pure Litter Types 
The results clearly showed that in litter decomposition, under the present experimental 
conditions, nutrient availability is as important as energy availability. The availability 
indices of nutrients, as expressed as lignin:N, polyphenols:N and C:nutrient ratios apart 
from the nutrient concentrations themselves, were an integral component of multiple 
regression equations of all the litter types under investigation (Table 4.15). The quality of C 
compounds as defined by lignin: soluble carbohydrate, lignin: cellulose ratio, and HLQ 
were also important in the decomposition of pure bracken, gorse litter mixed with pine, 
pine litter mixed with bracken and broom, and lotus mixed with pine needles. 
The pine needles showed the greatest mass loss of all litters studied (Table 4.6). Table 4.18 
shows that there were greater losses of both the labile and the recalcitrant fractions in pine 
needles than in other species. The loss of the labile fraction occurred mainly during the 
initial stages of decomposition and was most likely controlled by the availability of 
nutrients to microbial growth (Prescott, 1995). In pine needles there was a net release of 
nutrients suggesting that they did not limit microbial growth and hence there was a rapid 
loss of the labile fraction. By the end of incubation pine needles had lost 72% of the labile 
fraction. 
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In the later stages of decomposition, the recalcitrant fraction determines the overall rate of 
decomposition (Berg et al.,1982). The decomposition of the recalcitrant fraction is largely 
controlled by the degradation of lignin. The degradation of lignin is controlled by three 
factors; initial N concentration, availability of Ca, and lignin to carbohydrates ratio (Berg, 
1986; Johansson, 1994). A high initial N content will retard the decomposition of the 
recalcitrant fraction. It has been reported that high N in the later stages of decomposition 
will lead to the formation of highly stable complexes either with polyphenols or partially 
degraded lignin that will give rise to recalcitrant products for which there may be lack of 
degrading enzyme systems (Berg, 1986). A high cellulose or holocellulose content in the 
later stages of decomposition can enhance the degradation of lignin (McClaugherty and 
Berg, 1987). Calcium is essential to the fungi degrading lignin and it helps fungi to survive 
in the acid environment of conifer forest floors (Johansson, 1994). Pine needles had a 
relatively lower initial N concentration compared to understorey litter except bracken 
(Table 4.2). The Ca concentrations in pine were far greater than that of understorey litter in 
the later stages (Table 4.6). The stepwise multiple regression equation for pine also 
confirmed that C:Ca ratio and N availability (polyphenols: Nand lignin:N) could explain a 
large amount of the variations in mass loss, thus confirming the role of Ca in pine 
decomposition (Table 4.15 and 4. 16).Therefore, degradation of the recalcitrant fraction was 
the greatest in pine needles. The greater loss of both labile and recalcitrant fractions in pine 
needles accounted for the greater overall mass loss. 
Understorey litter had a lower mass loss for both the labile and recalcitrant fractions 
compared with pine litter (Table 4.18). Though N concentration was greater in the 
understorey litters, the lower concentrations of other nutrients (especially K) affected the 
degradation of labile fraction (Tables 4.2 to 4.6). It may be mentioned that dead attached 
understorey litter might have lost some of the nutrients (cations) due to leaching. While the 
pine needles were freshly fallen, understorey litter might have spent more time in the field. 
The C:K values for understorey litter were much wider than pine (Tables 4.20 to 4.23). 
There was a net accumulation of K in all the understorey litters (Table 4.8 to Table 4.13). In 
addition to K, Mg limitation was also observed in broom litter. 
The inability of increased availability of N alone to increase the rate of litter decomposition 
has been reported by Prescott et al. (1993). The multiple regression equations for pure 
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Table 4.17 Double exponential decay constants for mass loss of the different litter 
materials. 
Treatments R2 Labile Recalcitrant 
(KL) (KR) 
Pine needles 0.982 1.787 0.896 
(0.138) (0.023) 
Bracken 0.954 0.572 0.082 
(0.042) (0.011) 
Gorse 0.946 0.645 0.251 
(0.038) (0.036) 
Broom 0.919 0.750 0.129 
(0.076) (0.018) 
Lotus 0.923 0.751 0.364 
(0.058) (0.046) 
Pine & Bracken mixture 0.958 0.987 0.363 
(0.081) (0.018) 
Pine 1.35 0.778 
Bracken 0.708 -0.148 
Pine & Gorse mixture 0.989 1.295 0.287 
(0.109) (0.066) 
Pine 1.334 0.445 
Gorse 1.024 0.002 
Pine & Broom mixture 0.977 1.019 0.300 
(0.042) (0.059) 
Pine 0.889 0.139 
Broom 1.306 0.33 
Pine & Lotus 0.947 1.192 0.350 
(0.108) (0.022) 
Pine 1.148 0.137 
Gorse 0.884 0.668 
Figures in parenthesis are standard errors. 
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gorse, broom and lotus litter types showed that polyphenols: N explained a large variations 
in mass losses (Table 4.15 and 4.16). This however, is not a contradiction. The lower 
concentrations of Mg and K in these litters might have resulted in the inability of microbes 
to take up N, though it was abundant in supply. The role Mg in protein synthesis and that of 
Kin N uptake and protein synthesis in plants is well known (Tisdale et ai., 1995). A similar 
mechanism in lower organisms cannot be ruled out. Fogg (1988) suggested that there is a 
very little evidence that a high N alone will increase the rate of decomposition. Increased N 
availability alone will lead to the state of lUXUry N consumption without any apparent 
effects on the decomposition rate of litter. Most of the understorey litters were rich in Nand 
it increased as they decomposed. Some of the N may be precipitated by tannins and 
immobilized in lignin fractions (Berg 1988; Gallardo and Merino, 1992) rather than being 
maintained in the microbial biomass. Furthermore, in the later stages of decomposition all 
the understorey litters had much lower Ca concentrations than that of pine (Table 4.6). The 
net result of all these was a very low degradation of the recalcitrant fraction in understorey 
litters. The reduced degradation of labile as well as recalcitrant fractions resulted in 
significantly lower mass loss in understorey compared to that of pine needles. 
4.4.2 Effect of Litter Mixing on Decomposition 
Pine needles mixed with broom and lotus had much lower degradation of labile and 
recalcitrant fractions than pine alone. It was observed that pine needles mixed with lotus 
and broom had low N, Mg, and K concentrations (high C:N, C:Mg, and C:K ratios) there 
by reducing the degradation of the labile fraction (Table 4.18). The multiple regression 
equation of pine needles mixed with lotus showed that C:N alone could explain 99.7% 
variations in mass loss (Table 4.16). A relatively higher lignin:N, and 
lignin+polyphenols:N observed in pine mixed with broom and lotus could also be the 
reasons for low degradation of the labile fraction. A number of studies have indicated that 
tannins and lignin can form stable complexes with proteins there by limiting the availability 
of N to microbial growth (Heal et ai., 1997; Hattenschwiler and Vitousek, 2000). The low 
degradation of the recalcitrant fraction in mixed pine needles can be 
attributed to lower Ca availability. The C:Ca ratio was significantly greater in pine needles 
mixed with lotus and broom compared to pine needles (Table 4.16). A higher C:Ca ratio 
means lower Ca availability to decomposing organisms. The multiple regression equation 
for pine needles mixed with broom indicated that lignin:soluble carbohydrates ratio 
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Table 4.18 Degradation of labile and recalcitrant fractions of litter materials. 
Treatment Mass loss Weight % loss of 
Months % g Labile(g) Recalcitrant Labile Recalcitrant 
(g) 
Pine 0 0.00 18.50 11.12 7.38 0.00 0.00 
Pine 2.5 31.08 12.75 6.73 6.02 39.46 18.47 
Pine 5 45.12 10.15 5.15 5.00 53.68 32.23 
Pine 7.5 56.58 8.03 3.88 4.16 65.12 43.72 
Pine 10 63.50 6.75 3.10 3.66 72.14 50.49 
Pine with bracken 10 59.62 3.74 1.80 1.93 67.53 47.72 
Pine with Gorse 10 52.68 3.55 1.48 2.07 67.09 30.99 
Pine with Broom 10 35.81 5.94 2.65 3.29 52.33 10.93 
Pine with lotus 10 41.30 5.43 2.14 3.29 61.58 10.76 
Bracken 0 0.00 18.50 10.99 7.51 0.00 0.00 
Bracken 2.5 5.99 17.39 9.99 7.40 9.11 1.41 
Bracken 5 10.54 16.55 9.23 7.32 16.08 2.43 
Bracken 7.5 22.19 14.40 7.41 6.98 32.60 6.95 
Bracken 10 25.97 13.70 6.61 7.08 39.86 5.63 
Bracken (with Pine) 10 21.16 7.29 3.05 4.25 44.57 -13.12 
Gorse 0 0.00 15.00 9.81 5.19 0.00 0.00 
Gorse 2.5 13.60 12.96 8.32 4.64 15.26 10.46 
Gorse 5 21.74 11.74 7.21 4.53 26.55 12.64 
Gorse 7.5 27.40 10.89 6.46 4.43 34.13 14.68 
Gorse 10 30.15 10.48 6.10 4.38 37.85 15.58 
Gorse (with Pine) 10 37.60 4.68 2.09 2.59 57.41 0.12 
Broom 0 0.00 18.50 12.71 5.79 0.00 0.00 
Broom 2.5 14.86 15.75 9.95 5.80 21.68 -0.10 
Broom 5 23.30 14.19 8.82 5.37 30.64 7.20 
Broom 7.5 29.39 13.06 7.78 5.28 38.78 8.80 
Broom 10 30.18 12.92 7.64 5.27 39.85 8.97 
Broom (with pine) 10 53.09 4.34 2.14 2.20 66.32 24.05 
Lotus 0 0.00 18.50 11.79 6.71 0.00 0.00 
Lotus 2.5 18.49 15.08 9.20 5.88 21.94 12.43 
Lotus 5 22.14 14.41 8.64 5.76 26.67 14.17 
Lotus 7.5 27.42 13.43 7.70 5.73 34.70 14.63 
Lotus 10 39.91 11.12 6.34 4.77 46.18 28.90 
Lotus (with pine) 10 48.70 4.75 2.82 1.92 52.14 42.67 
Table 4.19 Changes in quality parameters of pine litter after 10 months of decomposition 
Treatment Months C:N C:Ca C:Mg C:K Lignin: N Polyphenol : N Lignin+Polyphenols: N RLQ Lignin: CRO Lignin:Cellulose 
Pure Pine 0 64.7 52.8 374.2 253.2 55.1 2.2 57.3 0.4 9.4 2.2 
(2.52) (1.17) (12.21) (10.97) (2.31) (0.04) (2.34) (0.01) (0.28) (0.11) 
Pure Pine 10 36.8 20.9 167.5 219.3 44.1 0.4 44.5 0.1 30.9 8.4 
(2.15) (1.74) (8.09) (15.62) (2.41) (0.02) (2.43) (0.02) (0.60) (3.83) 
Pine (with Bracken) 10 36.9 25.0 144.0 195.6 45.8 0.5 46.3 0.1 47.8 9.8 
(0.99) (0.34) (2.42) (4.69) (0.65) (0.01) (0.66) (0.01) (2.25) (0.08) 
Pine (with Gorse) 10 33.2 25.1 178.9 229.4 42.7 0.3 43.0 0.1 44.0 9.0 
(1.99) (0.07) (0.51) (0.91) (2.55) (0.02) (2.55) (0.00) (5.06) (0.05) 
Pine (with Broom) 10 48.1 39.5 229.8 420.5 57.4 0.3 57.7 0.1 47.1 9.9 
(0.65) (0.26) (2.10) (3.57) (0.57) (0.00) (0.58) (0.00) (3.89) (0.11) 
Pine (with Lotus) 10 46.8 34.5 233.5 354.2 60.6 0.3 60.8 0.1 58.5 7.0 
(0.40) (0.29) (2.14) (3.66) (0.90) (0.00) (0.90) (0.01) (2.08) (2.00) 
LSD (0.05) 6.19 2.87 29.74 30.93 5.93 0.07 5.97 0.02 6.94 3.71 
Figures in parenthesis are the standard errors. 
Lignin: CHO - Lignin: Soluble Carbohydrates. 
Table 4.20 Changes in quality parameters of bracken litter after 10 months of decomposition 
Treatment Months C:N C:Ca C:Mg C:K Lignin: N Polyphenol : N Lignin+Polyphenols: N 
Bracken 0 62.0 49.5 236.3 1035.4 60.5 0.8 61.4 
(0.73) (1.09) (9.80) (22.76) (0.82) (0.01) (0.83) 
Bracken 10 47.7 40.1 181.8 623.5 59.3 0.5 59.7 
(3.57) (2.04) (8.53) (81.74) (3.98) (0.03) (4.00) 
Bracken (with Pine) 10 61.2 46.0 221.0 636.3 80.3 0.6 80.9 
(0.62) (0.20) (1.47) (2.97) (0.54) (0.01) (0.53) 
LSD (0.05) 5.34 3.49 25.09 113.90 5.12 0.05 5.15 
Figures in parenthesis are the standard errors. 
RLQ Lignin: CRO 
0.4 10.8 
(0.01) (1.62) 
0.2 130.7 
«0.01) (1.50) 
0.2 93.4 
«0.01) (7.92) 
0.01 10.36 
Lignin:Cellulose 
2.0 
(0.08) 
4.3 
(0.08) 
3.7 
«0.01) 
0.24 
..... 
V> 
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Table 4.21 Changes in quality parameters gorse litter after 10 months of decomposition. 
Treatment Months C:N C:Ca C:Mg C:K Lignin: N Polyphenol : N Lignin+Polyphenols: N RLQ Lignin: CRO Lignin:Cellulose 
Gorse 0 42.7 66.0 429.5 586.0 30.5 0.6 31.0 0.5 9.2 1.8 
(3.17) (3.57) (22.16) (25.81) ( 1.48) (0.04) (LSI) (0.01) (1.85) (0.38) 
Gorse 10 29.5 51.6 318.9 305.7 27.8 0.3 28.0 0.2 36.0 10.2 
(3.58) (4.47) (27.59) (51.70) (1.66) (0.03) (1.69) (0.01) (5.29) (0.29) 
Gorse (with Pine) 10 35.1 45.3 342.5 311.1 40.6 0.3 40.9 0.3 48.2 3.6 
(2.25) (0.37) (2.50) (3.54) (2.43) (0.05) (2.45) (0.01) (1.20) (0.46) 
LSD (0.05) 8.94 2.32 3.03 4.29 4.81 0.10 4.88 0.03 8.30 1.17 
Figures in parenthesis are the standard errors. 
Table 4.22 Changes in quality parameters broom litter after 10 months of decomposition. 
Treatment Months C:N C:Ca C:Mg C:K Lignin: N Polyphenol : N Lignin+Polyphenols: N RLQ Lignin: CRO Lignin:Cellulose 
Broom 0 33.3 69.5 540.4 11533.3 22.1 0.7 22.8 0.6 13.3 1.9 
(0.75) (1.84) (15.07) (421.14) (0.23) (0.01) (0.23) (0.01) (1.38) (0.50) 
Broom 10 23.7 58.4 357.6 4508.4 20.7 0.2 20.9 0.2 42.4 10.9 
(0.92) (2.59) (24.73) (441.37) (0.45) (0.01) (0.45) (0.02) (5.89) (0.97) 
Broom (with Pine) 10 19.5 41.8 345.7 404.6 20.9 0.2 21.1 0.3 44.3 3.5 
(0.61) (0.08) (0.70) (0.82) (0.62) (0.00) (0.62) (0.02) (0.78) (0.88) 
LSD (0.05) 2.17 4.83 48.78 1151.60 1.23 0.03 1.23 0.04 9.85 1.75 
Figures in parenthesis are the standard errors. 
Table 4.23 Changes in quality parameters of lotus litter after 10 months of decomposition. 
Treatment Months C:N C:Ca C:Mg C:K Lignin: N Polyphenol : N Lignin+Polyphenols: N HLQ Lignin: CHO Lignin:Cellu1ose 
Lotus 0 33.5 40.2 231.6 656.4 27.1 0.9 27.9 0.6 20.9 1.7 
(1.53) (2.12) (11.71) (36.28) (0.12) (0.01) (0.13) (0.03) (1.82) (0.16) 
Lotus 10 21.6 28.5 183.1 321.1 22.1 0.1 22.2 0.2 68.6 7.5 
(1.93) (2.57) (13.45) (37.77) (1.38) (0.01) (1.39) (0.00) (5.37) (0.32) 
Lotus (with Pine) 10 23.6 29.2 171.0 286.8 21.5 0.2 21.7 0.4 42.4 3.1 
(0.33) (0.34) (2.55) (4.85) (0.53) (0.02) (0.55) (0.00) (3.15) (0.30) 
LSD (0.05) 4.71 7.20 37.37 107.60 1.81 0.03 1.83 0.05 11.04 0.58 
Figures in parenthesis are the standard errors. 
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explained 78% of variations in mass loss (Table 4.15 and 4.16). Lignin: soluble 
carbohydrates ratio for pine mixed with broom was relatively higher than that of pure pine 
and this could also be a reason for lower lignin degradation (Table 4.18). 
Pine needles mixed with gorse and bracken registered a small but not significant decrease 
in mass loss. Careful examination of the data revealed that there were no significant 
differences between the labile fraction mass loss of mixed (with gorse and bracken) and 
pure pine needles (Table 4.18). The reduction in mass loss in pine needles mixed with 
bracken and gorse was largely due to reduction in the degradation of the recalcitrant 
fraction. The concentration of Ca in pine needles mixed with bracken and gorse was higher 
than those.mixed with lotus and broom but lesser than pure pine needles (Tables 4.6 and 
4.7). The lignin: soluble carbohydrates ratio in pine needles mixed with bracken and gorse 
was higher than that of pure pine needles (Table 4.19). The lignin: carbohydrates ratio has 
an inverse relationship with recalcitrant fraction degradation (Berg, 1986). The mUltiple 
regression equation for pine mixed with bracken indicated that lignin: soluble 
carbohydrates alone could explain 99.3% of the variations in mass loss (Table 4.15 and 
4.16). However, reduction in the degradation of lignin in pine mixed with gorse could be 
due to formation of stable complexes with N. The N concentration in pine needles mixed 
with gorse was much higher than other litters mixed with pine needles and the multiple 
regression equation for pine needles mixed with gorse contained N as the only variable 
(Table 4.15). All these might have been the reasons for the low degradation of lignin in 
pine needles mixed with bracken and gorse. 
The understorey litter mixed with pine needles differed significantly in their mass loss rates 
compared to pure understorey litter (Tables 4.6 and 4.7). There was a significant increase in 
the mass loss of broom and lotus when mixed with pine needles. Degradation of both the 
labile and recalcitrant fractions increased in broom and lotus in mixed samples. The 
concentrations of N, Ca, Mg, and K were higher in mixed than pure broom litter (Tables 4.6 
and 4.7). The polyphenol:N ratio was significantly lower in mixed broom compared to that 
of pure broom (Table 4.22). The increased nutrient availability might have been the major 
reason for the increased degradation of the labile fraction. The higher Ca and HLQ 
observed in mixed broom might explain the greater loss of the recalcitrant fraction (Table 
4.22). The greater degradation of labile as well as recalcitrant fractions resulted in an 
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increased mass loss in mixed broom. In mixed lotus also both labile and recalcitrant 
fractions degraded at a higher rate than pure lotus litter (Table 4.18). The greater 
degradation of the labile fraction can be attributed to increased availability of nutrients (Ca, 
Mg, and K) in mixed lotus litter (Table 4.6 and Table 4.7). This was also confirmed by the 
results of multiple regression analyses which indicated that K and N could explain 91 and 
94% of the mass losses in mixed broom and lotus, respectively (Table 4.15 and 4.16). The 
increased degradation of the recalcitrant fraction in mixed lotus might have been due to 
greater Ca concentration, lower N, high HLQ, low lignin: carbohydrates and low lignin: 
cellulose ratios. The mixed gorse litter showed a small, but non-significant, increase in the 
mass compared with pure gorse litter (Tables 4.6 and 4.7). 
4.4.3 Model Fitting 
The high R 2 between the estimated and the actual mass loss validates the double 
exponential decay model (Table 4.17). Therefore, the present study results support the 
hypothesis that the decomposing litter is a composite material in which the decomposition 
of each fraction has a decay constant (Couteaux et ai., 1998). The decay constants of the 
labile and the recalcitrant compounds in litter types varied significantly (Table 4.15). This 
demonstrates that litter quality is an important rate regulating factor in decomposition. The 
decomposition of the labile fraction is controlled by the nutrient availability (Berg, 1986) 
and hence the greater the availability of nutrients the greater will be the value of the decay 
constant for the labile fraction. The pine needles were rich in nutrients among the litter 
types studied and recorded the greatest value of k for the labile fraction. Berg (1986) further 
stated that the decomposition of the recalcitrant fraction (lignin) depends on the lignin 
content and it increases as the lignin content decreases in the recalcitrant fraction. The 
results of the present study (Tables 4.8 to 4.12) indicate that the bracken contained higher 
amounts of lignin throughout the incubation, which restricted decomposition. The mixing 
of pine and understorey litter lead to an improvement in the decomposability of the labile 
and recalcitrant fractions due to improved nutrient availability (especially Ca, Mg and K). 
The values of decay constants obtained in the present study compare well with data 
reported in the literature. Taylor et ai (1989a) reported an annual single exponential k value 
of 0.85 for Douglas fir needles in a microcosm study. Cortez et al. (1996) in a microcosm 
experiment reported annual single exponential decay (k) values ranging from 0.972 for 
beech (Fagus sylvatica) to 2.34 for sweet chestnut (Castanea sativa). 
4.4.4 Organic Constituents 
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The loss of different organic constituents in the decomposing litter is directly proportion to 
their biodegradability (Hart et al., 1992). The hot water soluble carbohydrates decreased 
rapidly across the different treatments indicating that these compounds are more readily 
available energy sources to microbes. Hopkins and Chudek (1997) observed that in 
decomposing ryegrass (Lolium perenne) litter, of all the C compounds carbohydrate 
declined most rapidly. The content of polyphenols followed a typical pattern of rapid 
decline in the initial stages and a very gradual loss there after. This may be due to leaching 
of soluble polyphenols (Musvoto et al., 2000) during the re-moistening of litter samples in 
microcosms or they might have been degraded and mineralized as a carbon source by 
microorganisms (Hattenschwiler and Vitousek, 2000). This aspect will be covered in 
chapter 6. 
Holocellulose constitutes an important energy source for microorganisms involved in 
decomposition. The content of holocellulose declined as decomposition proceeded. The 
results of present study indicate that along with soluble carbohydrates, holocellulose was 
also used up by microorganisms as an energy source (Hart et al., 1992). Holocellulose loss 
was less rapid than that of soluble carbohydrates but more than that of lignin. 
Lignin is resistant to decomposition and its concentration has been widely reported to 
increase as decomposition proceeds (e.g., Vanlauwe et al., 1996; Giller and Cadisch, 1997). 
This was also apparent in the present study. In all litter types the relative concentration of 
lignin increased with decomposition. In all the litter types except the bracken litter mixed 
with pine, the total lignin content declined slowly, indicating that slow degradation of 
lignin by microorganisms did occur, although in the mixed bracken litter there was a net 
gain in lignin content. The latter has also been frequently observed in other studies (e.g. 
Swift et al., 1979; Berg and Wessen, 1984). This could be due to a combination of factors 
including alteration in the efficiency of laboratory extraction procedures, chemical or 
microbial synthesis of compounds that are extracted in the lignin fraction (Berg and Staaf, 
1980), or a physical deposition from decomposing pine needles. 
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4.4.5 Nutrient Dynamics 
The release or immobilization of a nutrient element from decomposing litter depends upon 
its status as a limiting or non limiting nutrient to the decomposer community (Swift et al., 
1979; Staaf and Berg, 1982). This hypothesis is supported by the results of the present 
study. Results showed that the concentrations of N, Ca, Mg, and K increased with 
decomposition in all treatments (including mixed litters), suggesting the demand for 
nutrients by the decomposers (Fahey, 1983; 0' Connell, 1986; Prescott et al., 1993; 
Musvoto et al., 2000). There was a steady decline in C: nutrient ratios indicating retention 
of nutrients by microbial tissue. Phosphorus concentrations in litter materials were 
generally low, but there was a release of P from the beginning of decomposition. This does 
not imply that P was unimportant to decomposition. It rather indicates that microorganisms 
were not dependent on litter substrate for P. Upadhyay and Singh (1989) also found that P 
release occurred during the initial stages of decomposition without a period of 
immobilization. The tendency for P to be retained less strongly than N indicates that P was 
not limiting to decomposer organisms (Berg and Staaf, 1981). It is possible that some 
microorganisms P may have been derived from soil as P translocation via saprotrophic 
fungi mycelium from soil to litter substrate has been reported in a few studies (Wells et al., 
1990). 
There was a net release of N in all the litter types studied. This indicated that the total N 
content in all the litter types studied was well above the critical level for N (a detailed 
discussion on the theoretical basis for critical C:nurient ratios can be found in Chapter 3). 
The general trend of N release from pine needles and also the understorey litters was not 
affected by litter mixing. However, the magnitude of N release was altered owing to the 
redistribution of N between the decomposing litters. The pine needles mixed with broom or 
lotus released significantly less total N compared to the pine needles mixed with gorse or 
bracken. This was mainly due to higher C:N ratios observed in pine needles mixed with 
broom or lotus litters. 
There was a net release of Ca from all the litter types studied. This indicated that Ca was 
not in limiting amounts to the microbial growth. The total Mg content decreased in all the 
litter types except pure broom litter and pine litter mixed with broom. This implied that the 
146 
pure broom litter had Mg in limiting amount that resulted in the net immobilization of Mg. 
The C:Mg ratio in pure broom litter was much higher than that of other litter treatments 
(Table 4.19). The pine-broom mixture gives an interesting insight into the Mg dynamics in 
litter mixtures. The total Mg content in pine mixed with broom litter remained almost 
unchanged but it decreased in broom mixed with pine. The change of Mg dynamics from 
net immobilization in pure broom to net release in mixed broom is interesting. There was a 
decline in the relative concentration of Mg in pine needles (from 2.696 mg g-l in pure 
needles to 2.020 mg g-l in pine needles mixed with broom). Can it be deduced that broom 
released Mg at the cost of decline in Mg concentration in pine needles? Further, the decline 
in Mg concentration in pine lead to net immobilization of Mg in pine and hence the decline 
in the decomposition rate of pine mixed with broom. 
In the past many studies have reported that leaching is the main mechanism for the release 
of more mobile elements such as K and Mg from the decomposing litter (Swift et ai., 1979; 
Fahey, 1983; Baker and Attiwill, 1985; Rutigliano et ai., 1998). In contrast, Mg and K 
immobilization has been reported in some studies (Edmonds and Thomas, 1995). However, 
in the present study catabolism rather than leaching was the main mode of K release. 
Potassium was found to be the most limiting nutrient element in the present study. Except 
for pine needles there was a net immobilization of K in all litter treatments (Tables 4.8 to 
4.13). This was greatest in broom among pure litters, suggesting the severe deficiency of K 
for the decomposer community. This may be partly due to experimental conditions. Under 
field conditions there will be cations addition by canopy leachates. Although un separated 
mixture treatments seem indicate that there was a net immobilization of K, segregation of 
litter mixtures into individual components (pine and understorey) gave a better insight into 
the K dynamics. While pine needles acted as the source of K, all the understorey species 
litter were the sinks for K (net immobilization). The accumulation of K was considerable 
in the case of mixed broom litter. This source-sink characteristic of litter mixtures is an 
important observation in the present study. These source-sink relationships between pine 
and understorey litter seem to be the main reason for the extremely low nutrient turnover 
rates in the mixture treatments. 
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4.5 Conclusions 
Pine needles decomposed at a faster rate than the understorey litters. Nutrient availability 
was found to be as important as C availability in determining overall litter decomposition. 
There was a greater release of nutrients from decomposing pine needles than that of 
understorey litters. The mixing of pine and understorey affected the decomposition rates of 
both pine and understorey litters. The mixing of litter types slowed down the 
decomposition rate of pine but increased the mass loss for most of the understorey species 
litters studied. In general mixed pine needles contained less nutrients compared to pure pine 
needles and mixed understorey litter contained greater concentrations of nutrients compared 
with pure understorey litter indicating significant transfer of nutrients between pine and 
understorey litters. The mixing of litters reduced the overall nutrient turnover rates in the 
mixed litter materials. However, the slow release of nutrients in sychrony with plant uptake 
from mixed forest floor may be a desirable feature in plantation forests. 
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Chapter 5 
Biodegradation of Dissolved Organic Carbon 
5.1 Introduction 
The decomposition of litter is of primary importance for the sustain ability of the forest 
ecosystem because of its role in maintaining soil fertility and soil organic matter (Kalbitz et 
al., 2000). The turnover of nutrients in forest soil organic matter depends on, among other 
factors, a readily available supply of C to decomposing organisms (Paul and Clark, 1989). 
Typically plant litter contain 15-60% cellulose, 10-30% hemicellulose, 5-30% lignin, 2-
15% proteins, and soluble substances such as sugars (carbohydrates), amino sugars, and 
organic acids, which may contribute 10% of dry weight (Paul and Clark, 1989). The water 
soluble fraction of organic matter, especially carbohydrates, represent the most readily 
available energy source to microorganisms (Harris and Safford, 1996). The carbon in water 
soluble compounds (dissolved organic carbon - DOC) enters the soil profile as leachate 
from live (throughfall and stemflow) and decaying above-ground phytomass (Cook and 
Allan, 1992), soil humus, root exudates (Kalbitz et al., 2000), microbial biomass and 
microbial metabolites (Christ and David, 1996). The DOC thus added to the mineral soil 
plays an important role in the build up of soil organic C, and thus in the long-tenn 
sustainability of forest soils (Kalbitz et al., 2000). 
The input of DOC into soil is controlled by the amount of litter fall (Lundstrom, 1993; 
Casals et al., 1995) and the litter quality (Kuiters, 1993). The forest floor plays an 
important role in the C dynamics of forest ecosystems (e.g. Qualls et al., 1991). It is viewed 
as a source of C and nutrients for plants and soil microorganisms (Pritchett and Fisher, 
1987). The type of litter and stage of decomposition are two important factors governing 
the extent of leaching of soluble compounds (Berg and Staaf, 1981). It has been reported 
that the soil solutions from coniferous stands often contain significantly more DOC than 
those from hardwood stands (David and Driscoll, 1984; Currie et al., 1996). However, this 
does not imply an increase in readily available C since only a fraction of water soluble C is 
readily available to microorganisms (Yano et al., 2000). A number of studies have shown 
that the biodegradable fraction of DOC ranges from 12 to 44% (Gron et al., 1992; Boyer 
and Groffman, 1996; Yano et al., 1998). 
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The composition of DOC has a major influence on its biodegradability (Zsolnay and 
Steindl., 1991). Efforts have been made to identify the fractions of DOC that have varying 
degrees of biodegradability. Three main fractions have been identified in the order of 
increasing resistance to biodegradation (Leenheer, 1981), namely: 
(i) a hydrophilic neutral fraction consisting of free carbohydrates (those not 
bound to humic substances) which have been regarded as the most 
biodegradable component of DOC (Qualls and Haines, 1992); 
(ii) a phenol fraction which contains polyphenols that are suspected of inhibiting 
microbial activity (Northup et al., 1995); 
(iii) humic substances. 
In the forest floor of conifer forests, phenolic compounds of various origins (canopy 
leachate, leaf litter, coarse woody debris, root exudates and microbial metabolites) tend to 
accumulate and can affect degradation rates of litter material (Gallet and Keller, 1999). The 
results of earlier chapters indicated that fresh radiata pine needles and forest floor contain 
relatively high concentrations of polyphenols and their concentration decreases rapidly 
during the initial stages of decomposition probably due to leaching. Chapter 6 describes the 
quality changes associated with the decomposition of CWD in a radiata pine forests. The 
bark component of CWD contains high concentration of polyphenols and is subject to 
leaching (during remoistening the litter). This can have implications for polyphenol 
concentrations in forest floor leachate especially in the initial 4 years of decomposition of 
CWD (thinning slash). However, there have been a very few studies on the effects of these 
polyphenols on the C mineralization in forest soils in southern temperate forests. The high 
concentrations of polyphenols in DOC (as implied by rapid loss of polyphenols from 
needles as indicated by results presented in chapters 3 and 4) might explain the slow rate of 
decomposition of organic matter in coniferous forests. In this study, Land FH aqueous 
extracts were used to study the effect of polyphenols on the biodegradability of DOC (in 
extracts). The study was carried out in the laboratory with the following objectives: 
(i) to study the effects of polyphenol concentration in DOC on the 
biodegradability of DOC; 
(ii) to study the effect of stage of decomposition of litter on the 
biodegradability of DOC by comparing biodegradability in L (litter) and 
FH (fermentlhumus) horizons. 
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5.2 Materials and Methods 
A laboratory experiment involving aerobic incubation of soil samples amended with two 
levels of polyphenol as L and FH extracts, glucose and tannic acid standards for 12 weeks 
was carried out. The laboratory incubation was preferred due to better control over 
environmental variables (e.g. temperature and moisture, which affect C02 evolution) than 
field conditions. Ten different treatments (Table 5.1) in four replications were incubated in 
glass jars of 1 L capacity at 25°C and 80% FC (Figure 5.1). The CO2 evolution was 
measured using alkali trap method at regular intervals and details of sample collection, 
DOC preparation, CO2 measurement, intervals of measurement, determination of 
biodegradability of extracts and statistical analyses are described below. 
5.2.1 Litter Sample Collection 
Samples of radiata pine needles from Land FH layers were collected from 2 representative 
areas at Bottle Lake near Christchurch, an area of coastal sand dunes afforested in 1912 
(Thomas and Mead, 1992). The approximate weight of field moist intact Land FH layers 
was 20 kg and the approximate total area sampled was 4 m2. The sampling area was a pure 
radiata pine stand and the forest floor had distinct L (1.0 cm) and FH layers (3.5 cm). The 
study area receives an average annual precipitation of 775 mm and ambient temperature 
range from a minimum of 1.9°C in June to a maximum of 21.6° C in December (Thomas 
and Mead, 1992). Mineral soil under the forest floor was fine sand. Field moist litter 
samples were transferred to the laboratory in plastic bags. Sub-samples of Land FH layers 
were collected to determine the moisture content. 
5.2.2 Preparation of DOM 
Aqueous extracts of Land FH layers for each of the plots were separately prepared in the 
laboratory by shaking 200 g (OD equivalent) each of Land FH samples with 2 L of 
deionised water on a rotary shaker for 8 hours at 20°C, The extracts were then sequentially 
filtered through Whatman 44 filter paper, 5 ~m and 0.45 ~m membranes. Sub-sample of 
the filtrates were taken for the chemical analyses. All the analyses were run on duplicate 
aliquots. The filtrates of two replications (sampling areas) were bulked. 
It has been reported that the annual input of polyphenols to radiata pine forest floor in New 
Zealand is approximately 85 ~g g-l of top 2.5 cm soil CHeng and Goh, 1984). The estimated 
151 
Table 5.1 Details of the treatments included in the DOC incubation experiment. 
Treatment Details Amendment TOCin Soluble Polyphenols 
amendment Carbohydrates 
~g / g soil ~g / g soil ~g / g soil 
Control Control Deionized water 
L 85 L85 L extract 728 259 85.0 
L43 L43 L extract 364 130 42.5 
FH 85 FH 85 FH extract 723 211 85.0 
FH43 FH43 FH extract 362 105 42.5 
TA8S TA8S Tannic acid 46 85.0 
TA43 TA43 Tannic acid 23 42.5 
G 259 Glucose 259 D-Glucose 104 259 
G 130 Glucose 130 D-Glucose 52 130 
G210 Glucose 210 D-Glucose 84 211 
G 105 Glucose 105 D-Glucose 42 105 
Table 5.2 The concentrations (/-tg mL-1) of soluble carbohydrates, polyphenols and 
total organic carbon in a ueous extracts of Land FH layers. 
Sample Un-concentrated Concentrated * 
L 
FH 
Soluble 
Carbohydrates 
136 ± 0.5 
124 ± 0.1 
Polyphenols TOC 
44 ± 0.1 
33 ± 0.4 
373±7.4 
300 ± 13.2 
Soluble 
Carbohydrates 
3750 
1360 
Standard errors are given for un-concentrated extracts. 
* 3 litres of L extract was concentrated to 100 mL. 
* 1. 7 lit~es of FH extract was concentrated to 100 mL. 
Polyphenois 
1229 
524 
Toe 
10518 
4461 
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polyphenols input (88 Jlg g-l) calculated based on the results of earlier chapters (3 and 4) 
(polyphenols concentration in freshly fallen senescent needles, average annuallitterfall in 
NZ radiata pine forests reported in literature, and bulk density of 0.8 for top 2.5 cm forest 
soil), compares very well with this value. Accordingly, two levels of polyp he no Is, 100% 
and 50% annual input as Land FH extracts were used in the present study. The 
concentration of soluble carbohydrates varied between Land FH extracts (Table 5.1). 
Selecting two levels of polyphenols meant 4 different concentrations of soluble 
carbohydrates in the extracts. To compare the C mineralization rates of extracts with that of 
reference materials, namely, tannic acid and glucose. Two levels of tannic acid and 4 levels 
of glucose were used and full details of the treatments included in this study are given in 
Table 5.1. For the L 85 treatment, TA 85 and G 259 were tannic acid and glucose 
standards. For L 43, TA 43 and G 130 were the standards. Similarly for FH 85, TA 85 and 
G 210 were the tannic acid and glucose standards. For FH 43, TA 43 and G 105 were the 
standards. The CO2 evolution from control was taken as a measure of basal respiration. 
Since the concentration of polyphenols in aqueous extracts was less than the required 
concentration (annual input rate) (Table 5.2), the extracts were concentrated by freeze 
drying. Approximately 3 L of Land 1.7 L of FH aqueous extracts were frozen and 
concentrated (Heto FD3 Freeze Drier). The concentrates were then dissolved in 100 mL 
deionized water. The soluble carbohydrates, polyphenols and TOC were determined in the 
concentrated samples to calculate the volume of extracts required for different treatments. 
The concentrated Land FH extracts were then diluted to the required volume (5 mL for 30 
g soil sand mixture) sufficient to increase the moisture level in soil to 80% FC (see Table 
5.3). 
5.2.3 Chemical Analyses of Extracts 
The samples were analyzed for soluble carbohydrates, polyphenols and total organic carbon 
(TOC). The soluble carbohydrates and polyphenols were determined using the methods 
described in section 3.2.1. The total organic carbon concentration in the filtrate samples 
were determined using a Shimadzu Total Organic Carbon Analyzer TOC-5000A fitted with 
a Shimadzu ASI-5000A autos ampler. 
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Table 5.3 Details of volume of extracts and standards added to each of the treatments 
to adjust soil (30 g air dry) moisture level to 80% field capacity. 
Treatment Solution Aliquot (mL) Final Polyphenols in Soluble Polyphenol 
volume (mL) 5 mL (/.1g) carbohydrates (/.1g gol) 
in 5 mL (/.1g) 
Control(DI) DI water 5.00 5.00 0 0 0 
L85 L extract 2.08 5.00 2550 7782 85 
lA3 L extract 1.04 5.00 1275 3891 43 
FH85 FH extract 4.86 5.00 2550 6324 85 
FH43 FH extract 2.43 5.00 1275 3162 43 
TA85 Tannic acid 5.00 5.00 510 0 85 
TA43 Tannic acid 5.00 5000 255 0 43 
G259 Glucose 5.00 5.00 0 7782 0 
0130 Glucose 5.00 5.00 0 3891 0 
G210 Glucose 5.00 5.00 0 6324 0 
0105 Glucose 5.00 5.00 0 3162 0 
Table 5.4 Selected properties of soil sand composite (1: 1). 
Soil Properties Values 
pH 0:2.5) Water 5.5 
Olsen P(mg kg-I) 6.0 
Total P(mg kg-I) 304 
K(cmol+kg-I) 0.47 
Ca (cmol+kgol) 2.0 
Mg (cmol+kg-I) 1.15 
Na (cmol+kg-I) 0.14 
Cation Exchange Capacity (cmol+kgol) 12.1 
Base Saturation(%) 32 
Density (t m03) 0.97 
Field Capacity (%) 17 
Total C (%) 3.2 
Total N (%) 0.14 
C:N ratio 23 
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5.2.4 NMR Spectroscopy 
A suitable amount (50 mL) of concentrated aqueous extracts of L and FH material was 
freeze dried. The C in freeze dried samples was characterized using solid state l3C CPMAS 
NMR. The details of the NMR spectrometry are given in section 6.2.6. The spectra of 
aqueous extracts were divided into chemical shift regions as assigned by Randall et al. 
(1995); alkyl, 0-45 ppm; N-alkyl, 45-65 ppm; O-alky, 65-95 ppm; acetal,95-108; 
aromatic, 108-140 ppm; phenolic, 104-160 ppm; and carboxyl regions, 160-220 ppm (see 
section 6.2.6 for description on what the peaks mean in terms of C composition). 
5.2.5 Collection and Preparation of Soil 
Top soil (2 cm) from Eyrewell forest (section 3.2.1) was used in this study. Field moist top-
soil from Eyrewell radiata pine forests was collected and sieved to pass through < 2 mm. A 
sub-sample of soil was used to determine the moisture content, field capacity (FC) and total 
C concentration. The total C in soil sample was determined as outlined in section 3.2.1. The 
soil was found to contain 9.42 % organic C. Therefore, to reduce background soil 
respiration, the soil was mixed with fine sand (1:1, weight). This mixture was pre-incubated 
at 25°C at 80% FC until the respiration rate stabilized. Mixing of soil with sand reduced the 
water holding capacity of the mixture. Therefore, in order to enable soil mixture to retain 
DOM additions, once the respiration was stabilized, the samples were dried at room 
temperature. 
A sub sample of air dried soil-sand mixture was sent to a commercial laboratory (Hill 
laboratories at Christchurch) to determine pH, Olsen P, total P, K, Ca, Mg Na, CEC, base 
saturation, density and total C content of the soil (sand mixture). Some selected chemical 
properties and bulk density of soil-sand mixture used in the study are given in Table 5.4. 
5.2.5 Incubation 
In a plastic container of 4.5 cm diameter and 2.7 cm tall soil samples (30 g OD equivalent) 
were amended with sufficient volumes of concentrated extracts and reference compounds 
to increase the moisture content to 80% FC. The details of volume of aliquot used in each 
of the treatments are given in Table 5.3. In addition to these amendments, soil mixture 
moistened with deionised water was used as a control treatment. Four replicates of each 
treatment were included in the study. The plastic containers were then placed in 1 L glass 
jars and incubated at 25°C for 94 days. 
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r 4.5cm ---, 14-_____ B 
D 
c 
Figure 5.1 Cross section of glass jars used for incubation: (A) -lid, (B) 1 
liter glass jar, (C) - alkali trap, and (D) plastic container with soil. 
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5.2.6 C02 evolution 
In the initial stages of incubation the C02 evolution was measured after 24, 36 hours, and 5 
days. After 5 days the C02 evolution was monitored at weekly intervals. The C02 evolved 
during mineralization of DOC was absorbed in 25 mL of 0.1 M NaOH (see Figure 5.1) and 
5 mL of 0.5 M barium chloride solution was added to the alkali solution to precipitate the 
carbonate. The amount of C02 absorbed was determined titrimetrically using 0.1 M HCl in 
presence of phenolphthalein indicator. 
5.2.7 Biodegradability 
To compare C mineralization in extracts and standards, the differences between the 
cumulative C02-C values of different treatments and that of control were computed. This 
difference was assumed to have come from added DOC. These differences were divided by 
their respective DOC and expressed as % of added (C added through amendments) DOC 
remaining. 
5.2.8 Statistical Analyses 
The CO2 evolution from different treatments was initially subject to two-way ANOV A to 
determine the significance of treatment and time effects using Genstat 4.1. The two way 
ANOV A results indicated significant effects of treatments and time on C02 evolution (LSD 
at 0.05 for treatments, time and interaction were 0.762,0.860, and 2.852 f..lg g-l h(l, 
respectively). Therefore, univariate ANOV A was carried out for each time point to 
determine the significance of treatments and for each treatment datr.. across different time 
points to determine the effect of time. 
5.3 Results 
5.3.1 CO2 Evolution 
The soil-sand mixture pH was 5.5 with low base saturation, CEC and Olsen P. Total C 
concentration was 3.2% and the C:N ratio of soil was 23. The data on C02 evolution from 
the various treatments over 94 days are presented in Table 5.5. The CO2 evolution rate was 
greatest during the initial stages and decreased with time in most of the treatments (Figure 
5.2). There were significant differences in C02 evolution rates between L 85 and PH 85 
treatments during the first 7 days of incubation only (Table 5.5). The CO2 production from 
Table 5.5 The relative evolution of CO2 (J.lg/g/hr) from soil amended with DOC over 94 days. 
Treatments \ Days 1.5 7 14 22 31 38 46 54 62 68 80 90 94 LSD 
(0.05) 
Control 8.3 5.3 2.7 1.9 1.6 2.1 1.7 1.2 2.2 1.5 1.2 1.6 1.0 1.8 0.677 
(0.53) (0.46) (0.05) (0.11) (0.17) (0.06) (0.10) (0.11) (0.12) (0.17) (0.24) (0.20) (0.23) (0.17) 
L 85 21.4 11.8 7.7 3.0 2.0 2.3 1.7 1.2 2.1 1.1 0.7 1.4 0.7 1.5 1.825 
(1.53) (1.63) (0.62) (0.36) (0.l3) (0.08) (0.17) (0.14) (0.09) (0.08) (0.07) (0.09) (0.06) (0.30) 
L43 15.5 19.4 6.7 3.2 3.2 3.2 2.7 2.3 3.0 2.1 2.7 2.6 2.1 2.3 7.109 
(0.78) (9.14) (1.09) (0.61) (0.51) (0.08) (0.12) (0.06) (0.09) (0.07) (0.82) (0.17) (0.l3) (0.43) 
FH85 12.3 5.3 3.3 2.2 1.7 2.2 1.9 1.3 2.3 1.4 1.0 1.7 1.3 1.8 1.989 
(2.23) (0.97) (0.46) (0.30) (0.17) (0.24) (0.21) (0.21) (0.21) (0.20) (0.27) (0.26) (0.34) (0.23) 
FH43 18.9 9.4 7.9 2.7 3.6 3.5 3.4 2.7 3.1 2.5 2.0 2.5 2.1 2.7 4.171 
(4.32) (1.12) (2.81) (0.77) (0.75) (0.29) (0.37) (0.29) (0.l3) (0.18) (0.l3) (0.19) (0.22) (0.66) 
TA85 6.8 3.3 2.4 1.3 2.3 2.5 2.6 2.3 2.7 2.3 1.6 2.5 2.2 2.8 0.837 
(0.08) (0.66) (0.07) (0.08) (0.22) (0.32) (0.31) (0.32) (0.28) (0.24) (0.24) (0.25) (0.25) (0.29) 
TA43 7.4 2.1 2.3 1.6 2.5 2.7 2.9 2.5 2.9 2.5 1.9 2.8 2.6 3.0 0.906 
(0.43) (0.31) (0.20) (0.16) (0.10) (0.26) (0.42) (0.37) (0.41) (0.27) (0.34) (0.32) (0.29) (0.36) 
G259 18.5 8.1 4.7 2.5 3.2 3.0 3.1 2.5 3.0 2.5 1.7 2.6 2.4 2.4 2.641 
(3.l3) (0.16) (1.04) (0.49) (0.34) (0.20) (0.29) (0.29) (0.22) (0.24) (0.19) (0.36) (0.25) (0.41) 
G l30 11.2 6.4 4.5 2.4 2.8 2.8 2.9 2.9 3.3 2.6 1.8 2.9 2.5 3.0 2.458 
(0.92) (2.97) (0.02) (0.46) (0.12) (0.15) (0.14) (0.49) (0.23) (0.19) (0.28) (0.l3) (0.07) (0.18) 
G210 17.7 7.4 4.7 2.4 3.1 3.0 3.1 2.5 3.0 2.5 1.7 2.6 2.4 2.4 1.833 
(3.15) (0.09) (1.05) (0.48) (0.34) (0.20) (0.29) (0.29) (0.22) (0.24) (0.19) (0.36) (0.26) (0.41) 
G 105 10.8 5.9 4.5 2.4 2.8 2.8 2.9 2.9 3.3 2.5 1.8 2.9 2.5 3.0 0.854 
(0.80) (3.01) (0.01) (0.46) (0.12) (0.15) (0.14) (0.49) (0.23) (0.19) (0.28) (0.13) (0.07) (0.17) 
LSD (0.05) 5.579 8.607 2.89 1.231 0.993 0.7073 0.8362 0.8541 0.7061 0.592 0.9512 0.737 0.7223 1.098 
Figures in parenthesis are standard errors. 
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the L 85 treatment was greater than that of FH 85 treatment until 22 days. The differences 
in C mineralization rates between L 43 and FH 43 treatments were significant only during 
the first 1.5 days of incubation (Figure 5.2). However, C02 from L 43 treatment was 
significantly greater (except for initial 1.5 days) than that from L85 treatment for most 
measurement times up to 90 days and the same is true for FH 43 and FH 85 treatments 
(Table 5.5). Thus, the CO2 evolution rates from treatments with low polyphenol 
concentration (L 43 and FH 43) were significantly greater than the ones with greater 
polyphenol concentrations (L 85 and FH85). The CO2 evolution from tannic acid 
treatments was less than that of control up to 14 days and thereafter it was greater than that 
of control (Table 5.5). The CO2 evolution from L85 and FH 85 treatments were greater than 
that of TA 85 during the initial 14 days. The carbon dioxide evolution from L 43 and FH 43 
treatments was also greater than that of T A 43 for during the first 62 days (Table 5.5) 
The C02 evolution from glucose standards (G259 and G 130 of L 85 and L 43 treatments) 
was less than that of L 85 and L 43 treatments until 23 and 37 days, respectively and 
thereafter the rate of C02 evolution was greater than that of L extracts indicating loss of 
labile fraction of L extracts during initial 40 days. The CO2 evolution rates of glucose 
standard G210 (of FH 85) was greater than FH 85 from the beginning of the incubation. 
However, glucose standard G 105 (of FH 43) produced less CO2 than that of FH 43 
treatment until 46 days. 
5.3.2 DOC Biodegradability 
The cumulative CO2 evolution from different treatments is given in Table 5.6 and the 
release of CO2-C expressed as % of initial total soil C is presented in Table 5.7 and Figure 
5.3. The cumulative release of C as CO2 ranged from 3.4% in control treatment to 6.3% in 
FH 43 treatment after 94 days of incubation (Figure 5.3). It is evident from Figure 5.3 that 
during the first 14 days cumulative C02 evolutions from tannic acid (TA 85 and TA 43) 
were less than that of control treatment and after 14 days the CO2 production from tannic 
acid standards exceeded that of control. Treatments with more polyphenols (L 85 andFH 
85) produced relatively less C02 compared to treatments with less polyphenols (L43 and 
FH43). 
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Figure 5.2 The relative CO2 evolution from extracts and standards during the study 
period. 
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The percent of added C remaining as C02 from various treatments is given in Table 5.8 and 
Figure 5,4. The Figure 5,4 shows that extracts with less polyphenols (L 43 and PH 43) were 
degraded faster than extracts with more polyphenols (L 85 and FH 85). It took 
approximately 20 and 18 days for complete degradation of L 43 and PH 43 DOC, 
respectively. However, extracts with greater concentrations of polyphenols (L 85 and PH 
85) appeared to be more recalcitrant. Even after 94 days of incubation only 40% and 15% 
of L 85 and FH 85 treatments DOC were degraded, respectively. 
The cumulative C02-C evolved from tannic acid standards was less than that of control 
during the initial stages (Table 5.6). However, after 14 days, there was a rapid degradation 
of tannic acid standards. Thus, TA 85 and TA43 curves in Figure 5,4 showed an increase in 
C remaining (due to suppression of C02 evolution) compared to control until 14 days. The 
complete degradation of TA 43 and T A 85 treatments was observed by the end of 32 and 
37 days, respectively. Most of the glucose added was released as CO2 rapidly. It took only 
4 days for the complete degradation of DOC added as glucose standards namely, G 259, 
G21O, G130 and G105. 
5.3.3 NMR Spectra 
The NMR spectra of freeze dried aqueous extracts are given in Figure 5.5 and the data on 
relative signal intensities at different spectral regions representing alkyl, N-alkyl, O-alkyl, 
acetal, aromatic, phenolic and carboxyl C are given in Table 5.9. It is evident from Figure 
5.5 that the spectra are of high quality, with a good signal to noise ratio and there was no 
distortion of intensity due to generation of satellite lines or spinning side bands. The results 
ofNMR spectroscopy indicated that the L extract contained greater proportions of alkyl, N-
alkyl and O-alkyl C, whereas the PH extract contained greater proportions of acetal, 
aromatic, phenolic and carboxyl C. The signals at alkyl region are due to side chains of 
amino acids, alicyclic C in resin acids and structures divided from cutins and suberins. 0 
alkyl and acetal signals are due to oxygen substituted C in alcohols, ethers, and 
polysaccharides. The signal intensities at N-alkyl, aromatic and phenolic are due to tannins 
and lignin (monomers). Carboxyl signals are assigned to organic acids, aldehydes, ketones, 
and compounds of microbial origin. 
Table 5.6 Cumulative C02 - C evolution (~g g-l soil) from soil amended with DOC over 94 days. 
Treatments \ Days 1 1.5 7 14 22 31 38 46 54 62 68 80 90 94 
Control 54 71 160 246 340 449 526 588 703 782 828 952 1020 1066 
(3.4) (4.4) (4.8) (6.9) (13.6) (14.4) (15.6) 07.4) (21.8) (29.7) (38.5) (54.3) (68.0) (70.8) 
L 85 140 179 431 569 684 806 885 949 1057 1116 1143 1255 1300 1340 
(10.0) (15.3) (34.7) (51.1) (58.1) (60.1) (53.9) (48.9) (48.7) (47.6) (46.6) (41.7) (37.6) (42.0) 
L43 102 165 383 529 717 885 1009 1130 1286 1396 1503 1704 1839 1899 
(5.1) (25.5) (58.9) (76.8) (102.4) (105.0) (106.5) (108.1) (110.2) (110.6) (81.7) (69.8) (65.7) (61.6) 
FH85 80 97 204 306 408 525 610 680 799 872 910 1043 1129 1175 
(14.6) (l3.0) (25.7) (30.4) (39.5) (51.8) (59.0) (67.3) (77.0) (83.1) (92.0) (109.1) (129.1) (l34.6) 
FH43 124 154 414 537 751 932 1089 1230 1394 1523 1601 1798 1937 2008 
(28.3) (25.2) (99.3) (l33.4) (176.5) (189.5) (197.2) (205.4) (207.7) (207.1) (202.0) (189.3) (176.6) (160.6) 
TA85 44 55 l32 190 328 459 577 699 842 964 1026 1224 1365 1439 
(0.5) (2.4) (4.3) (6.3) (16.0) (31.4) (44.9) (61.7) (76.1) (86.1) (95.4) (114.9) (131.2) (136.3) 
TA43 49 56 132 204 349 491 625 754 906 1035 1110 1332 1504 1584 
(2.8) (3.6) (10.2) (16.4) (20.6) (32.9) (51.9) (70.7) (91.9) (104.6) (117.2) (142.6) (160.8) (168.5) 
G259 121 147 303 415 601 758 900 1031 1190 1320 1387 1589 1743 1807 
(20.5) (20.9) (54.1) (76.0) (93.4) (100.8) (111.0) (123.3) (129.3) (133.3) (136.6) (143.8) (143.7) (147.7) 
G 130 73 94 242 351 515 662 795 949 1120 1253 1323 1549 1713 1791 
(6.0) (11.9) (12.0) (32.5) (37.4) (44.9) (51.5) (74.5) (86.3) (96.0) (106.5) (114.5) (112.2) (108.4) 
G210 116 140 294 404 590 746 888 1018 1177 1307 1374 1575 1729 1793 
(20.6) (20.6) (54.0) (75.6) (92.9) (100.2) (110.4) (122.4) (128.4) (132.2) (135.5) (142.5) (142.3) (146.2) 
G 105 70 90 235 343 506 654 786 940 1110 1243 1313 1539 1703 1781 
(5.3) (11.5) 01.8) (32.1) (36.7) (44.3) (50.9) (74.5) (86.3) (96.0) (106.5) (114.2) (111.8) (107.9) 
Figures in parenthesis are standard errors. 
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5.4 Discussion 
5.4.1 C02 Evolution 
It is evident from the results that the control treatment recorded the lowest cumulative CO2-
C values of all the treatments indicating the increase in C02 evolution in other treatments 
due to added DOC (Table 5.6). The CO2-C evolution from extracts containing greater 
polyphenol concentrations (L 85 and PH 85 treatments) was less than that of extracts with 
less polyphenol (L 43 and FH 43 treatments), suggesting the suppression of decomposition 
of DOC by polyphenols. This is supported by the fact that the relative carbon dioxide 
evolution from tannic acid treatments was in fact less than the control treatments during the 
initial 14 days (Table 5.5). Once the inhibitory effect of polyp he no Is in TA85 and TA43 
was reduced (presumably by degradation of polyphenols by soil microbes or binding with 
other decomposition products) the rate of CO2 evolution from these two treatments (T A85 
and TA43) was greater than that of control (Table 5.5). 
Although L85 and FH85 contained similar polyphenol concentration as that of TA 85 and 
L43 and FH43 contained similar polyphenols concentrations as TA43, unlike tannic acid 
(TA85 and TA43) the CO2 evolution was not suppressed in extract treatments (L85 and PH 
85) during the initial period (Table 5.5). From Table 5.1 it is evident that L 85 and PH 85 
contained greater concentrations of TOC than that of TA85. The presence of readily 
available sources of C such as carbohydrates in L and PH extracts might have countered the 
inhibitory effects of polyp he no Is as suggested by Heng and Goh (1984). 
However, in the present study the rate of CO2 evolution from L 85 and L 43 was greater 
than their respective glucose (G259 and G 130) standards during the initial stages. This 
suggests the presence of readily available C compounds other than soluble carbohydrates in 
greater concentrations in L extracts (in Table 5.1 TOC in L 85 and L 43 was greater than 
that of G259 and G 130) than glucose treatments (also see discussion on NMR spectra). 
Once these labile C was degraded C02 evolution from L85 and L43 treatments fell below 
that of glucose standards (G259 and G130) after 23 and 37days respectively. The C02 
evolution from PH85 treatment was less than that of its glucose standard (G21O) from the 
beginning of incubation and CO2 evolution of PH43 was greater than its glucose standard 
(G105) during the first 46 days (Table 5.5). This may be due to the combined action of 
polyphenols and relatively (compared to L extract) lower concentration of labile 
Table 5.7 Cumulative CO2 -C evolved from soil amended with DOC over 94 days expressed as Eercentage of total system C. 
Treatments \ Days Total 1 1.5 7 14 22 31 38 46 54 62 68 80 90 94 
System C 
(/-lg g.l) 
Control 31740 0.17 0.22 0.50 0.77 1.07 1.41 1.66 1.85 2.21 2.46 2.61 3.00 3.21 3.36 
L85 32468 0.43 0.55 1.33 1.75 2.11 2.48 2.73 2.92 3.26 3.44 3.52 3.87 4.00 4.13 
L43 32104 0.32 0.51 1.19 1.65 2.23 2.76 3.14 3.52 4.01 4.35 4.68 5.31 5.73 5.91 
FH85 32463 0.25 0.30 0.63 0.94 1.26 1.62 1.88 2.10 2.46 2.69 2.80 3.21 3.48 3.62 
FH43 32102 0.39 0.48 1.29 1.67 2.34 2.90 3.39 3.83 4.34 4.74 4.99 5.60 6.03 6.26 
TA85 31786 0.14 0.17 0.42 0.60 1.03 1.45 1.82 2.20 2.65 3.03 3.23 3.85 4.29 4.53 
TA43 31763 0.15 0.17 0.41 0.64 1.10 1.55 1.97 2.37 2.85 3.26 3.50 4.20 4.74 4.99 
G259 31844 0.38 0.46 0.95 1.30 1.89 2.38 2.83 3.24 3.74 4.14 4.36 4.99 5.47 5.67 
G 130 31792 0.23 0.30 0.76 1.10 1.62 2.08 2.50 2.98 3.52 3.94 4.16 4.87 5.39 5.63 
G 210 31824 0.36 0.44 0.92 1.27 1.85 2.35 2.79 3.20 3.70 4.11 4.32 4.95 5.43 5.63 
G 105 31782 0.22 0.28 0.74 1.08 1.59 2.06 2.47 2.96 3.49 3.91 4.13 4.84 5.36 5.60 
Total System C = Soil C + Added C. 
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compounds (supported by NMR results) in FH extracts. As the decomposition proceeds 
labile compounds are preferentially degraded and more resistant compounds remain in 
decomposed litter. The FH layer is more decomposed than the L layer and hence contains 
lower concentrations of labile compounds (Table 5.1 shows only soluble carbohydrates 
concentration, it is possible than L extract contained more labile C compounds other than 
soluble carbohydrates than the FH extract, see discussion on NMR spectra). While greater 
polyphenol concentrations coupled with lower labile C concentration in FH 85 might have 
resulted in lower C02 evolution than glucose standard, lower polyphenol concentration 
might have been the reason for greater CO2 evolution from FH43 treatment. 
The results presented in Table 5.6 indicate the possibility of 'priming effect', a strong short 
term change in the turnover of soil organic matter caused by comparatively moderate 
treatments (Kuzyakov et ai., 2000). Although the amount of C added as DOC in different 
treatments was a fraction of total soil C, it resulted an enhanced system C mineralization 
compared to control in most of the treatments. While tannic acid standards resulted in 
negative priming effect during the initial 14 days, once its inhibitory effects were reduced 
(after 14 days) there was a positive priming effect. In all other treatments positive priming 
effect was observed immediately after the DOC addition. The mechanisms of priming 
effects are not well understood. Kuzyakov et ai., (2000) have carried out the most recent 
review of mechanisms of priming effects and listed the possible causes for positive and 
negative priming effects. Accordingly, the possible causes for positive priming effect in 
the present study could be due to increase in soil microorganisms activity and acceleration 
of SOM mineralization or microbial biomass turnover in soil (Lavelle et ai., 1995; 
Kuzyakov et ai., 2001). The negative priming effect during the first 14 days in tannic acid 
standards may be attributed to direct inhibition of activity of microorganisms or their 
enzymes (Wang and Bakken, 1997). 
5.4.2 DOC Biodegradability 
The concentrations of DOC in radiata pine aqueous extracts compare well with that of red 
pine forest floor (240 ~g mL-1) reported by Cronan et ai. (1992). The concentration of 
soluble carbohydrates-C in Land FH extracts (15 and 17%, respectively) was slightly 
greater than that (12%) reported for hardwood forest soil by Vance and David (1991). The 
results of the present study support the hypothesis that polyphenols inhibit the 
Table 5.8 Proportions (%) of added DOC present at various times over the 94 days incubation Eeriod. 
1 1.5 7 14 22 31 38 46 54 62 68 80 90 94 
L 85 88 85 63 56 53 51 51 50 51 54 57 58 62 62 
(1.6) (2.5) (5.3) (7.6) (9.0) (9.0) (7.5) (5.9) (4.9) (3.8) (3.3) (3.4) (5.7) (5.6) 
L42.5 87 74 39 22 -4 
(2.0) (6.7) (15.8) (21.7) (29.9) 
FH85 96 96 94 92 91 90 88 87 87 88 89 87 85 85 
(1.9) (1.6) (3.3) (4.9) (6.9) (9.0) (10.3) ( 11.5) (13.2) (14.7) (16.7) (20.7) (25.0) (25.7) 
FH42.5 81 77 30 20 -13 
(7.4) (6.8) (27.3) (38.2) (51.7) 
TA85 121 135 160 222 127 77 -13 
(7.3) (13.1) (16.4) (28.4) (47.3) (64 2) (78.6) 
TA42.5 124 169 222 282 63 -83 
(25.5) (32.3) (58.3) (85.9) (83.9) (127.2) 
G260 36 27 -38 
(18.3) (19.3) (52.3) 
G 130 64 56 -58 
(15.1) (21.6) (23.3) 
G210 26 18 -59 
(22.8) (23.4) (64.7) 
G 105 61 57 -80 
(16.8) (25.0) (26.1) 
Figures in parenthesis are standard errors. 
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mineralization rates of soluble C in soil. Both Land FH extracts with greater polyphenols 
concentration (L85 and FH85) degraded much more slowly compared to those (IA3 and 
FH43) with lower concentration of polyphenols. Furthermore, the stage of litter 
decomposition influenced the degradation of DOC, at least in the initial stages of 
incubation. The L layer extract with same polyphenols concentration as FH layer 
decomposed faster than the FH extract (Figure 5.3). There have been studies that have 
reported the inhibitory effects of polyphenols on the decomposition of organic materials 
(Harrison, 1971; Baldwin et al., 1983; Bending and Read, 1996, Heal et al., 1997). The 
inhibitory effect of polyphenols is largely attributed to the ability of these compounds to 
bind protein in insoluble complexes, a process that results in the inhibition of enzymes 
involved in the decomposition processes (Goldstein and Swain, 1965; Hattenschwiler and 
Vitousek, 2000). Inactivation of fungi by tannins was observed in a study by Bending and 
Read (1996) on the effects of tannic acid on mycorrhizal fungi which was attributed to 
inactivation of cell wall enzymes by tannic acid. However, the inhibitory effects of 
polyphenols alone cannot completely explain the slow degradation of L 85 and FH 85 
treatments. The reason being tannic acid DOC was completely degraded by 37 days while 
aqueous extracts with equivalent amounts of polyphenols decomposed at a much slower 
rate (Table 5.8). There may be other reasons for the slow degradation of L 85 and FH 85 
DOC. In order to increase the concentration of polyphenols greater amounts of 
concentrated extracts were added to soil in these two treatments. Addition of greater 
amounts of extract also increased the proportion of other recalcitrant fractions in DOC such 
as humic substances, which are known to reduce rates of degradation (Qualls and Haines, 
1992). 
Another possible reason for the slow degradation of FH 85 DOC could be the addition of 
microbial metabolites in the leachate. Water soluble organic C is not only a source of C for 
microorganisms, but its production is also believed to be microbially mediated (Gregorich 
et al., 2000). The decomposing litter contains a variety of decomposers in them and the 
extract of litter layer can contain significant amounts of microbial metabolites. Williams 
and Edwards (1993) observed that soil microbial biomass is highly labile and microbial 
metabolites constitute a significant proportion of DOC. Some of the compounds produced 
such as antibiotics (e.g. Pencillium) especially by fungi, can be inhibitory to other 
organisms that are capable of degrading organic matter. Several investigations have 
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demonstrated antagonism between fungi and bacteria to be a common phenomenon (Thorn 
and Tsuneda, 1992; Moller et ai., 1999). Thus, the extract of FH layer, which is more 
decomposed than L layer, may contain greater concentrations of bactericidal metabolites 
and hence degrade more slowly than the L extract. 
The concentrations of nutrients were not determined in this experiment. The availability of 
nutrients is greater in freshly fallen needles (L) compared to decomposed layers (FH) 
(Currie et ai., 1996). This could also be a reason for slow degradation of FH extract. 
However, McGill and Cole (1981) hypothesized that soil decomposers did not selectively 
decompose N containing compounds in response to N limitation, but instead N 
mineralization depended upon C mineralization. This was also supported by Qualls and 
Haines (1992). Thus, nutrient limitation in FH extracts may not be the cause of slow 
degradation; however nutrient addition experiments would be required to confirm this 
suggestion. However, more than 60% of added DOC as L and FH at normal polyphenol 
concentration (L 85 and FH 85) remained in soil after 3 months. This could be due to 
physical adsorption of DOC in mineral soils. It is generally assumed that adsorption of 
DOC to mineral surfaces is far more important than decomposition of DOC in mineral 
soils. Jardine et at (1989) concluded that physical adsorption (hydrophobic interactions) 
driven by favorable entropy changes is the dominating process. Organic matter already 
adsorbed to the mineral complexes (Vance and David, 1992), and soil solution chemistry 
such as presence of anions (Jardine et ai., 1989), pH (Gu et ai., 1994; Kennedy et ai., 1996) 
control the DOC adsorption dynamics. Thus addition of DOC to mineral soil can have 
long-term implications for soil formation and soil C build up and therefore the long-term 
sustainability of soils under radiata pine forests. 
5.4.3 NMR Characterization of C in extracts 
Insight into the mechanisms of degradation of DOM of needles may be obtained from 
NMR spectra of the Land FH extracts. While L extract represents the early stages of 
decomposition, extract of FH layers represents later stages. It is evident from the spectra 
that the L extract contained greater concentrations of aliphatic or alkyl C, polysaccharides 
(O-alkyl) and the FH extract contained greater concentrations of aromatic compounds 
(aromatic and phenolic) and carboxyl C. Although there are limitations in quantitative 
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Table 5.9 
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Relative signal intensities (%) at different regions of NMR spectra of Land 
FH extracts. 
Shift region L FH 
Alkyl (0-45 ppm) 23.39 14.42 
N-alkyl (45-65 ppm) 12.43 12.10 
O-alkyl (65-95 ppm) 29.09 27.78 
Acetals (95-108 ppm) 7.58 11.71 
Aromatics (108-140 ppm) 10.32 11.12 
Phenolics (140-160 ppm) 4.46 6.09 
Carboxyls (160-220 ppm) 12.72 16.77 
reliability of NMR spectra, it can be used to study qualitative changes during 
decomposition (Preston et al., 1996). 
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Greater alkyl C signal intensity in the L layer extract differs from the usual trend of 
increase in the concentration of alkyl C in soil organic matter or needle litter with 
decomposition (Preston et at., 1990, Preston, 1992, Baldock and Preston, 1995; Parfitt and 
Newman, 2000; Webster et at., 2000). The alkyl signals are mainly due to surface waxes, 
cutins, suberins, and resins (Baldock and Preston, 1995). These compounds are resistant to 
decomposition and hence degrade slowly. Often because of their slow decomposability, the 
concentration of alkyl C increases with time in decomposing needles. There may be several 
reasons for the present difference from earlier studies. Apart from CH, CH2 and CH3 type 
C, a number of microbial metabolites will give signal intensities at alkyl regions (Baldock 
et al., 1990a). The lipid molecules contained in microbial cell walls give rise to signals at 
alkyl region (Baldock et al., 1990a). The major differences in the chemical composition of 
bacteria and fungal materials are that the bacterial material contains more alkyl than fungal 
materials (Baldock et at., 1990b). This could also explain why the alkyl C intensity was 
higher in L extract than FH extract. Both Land FH aqueous extracts were filtered through 
0.45Jlm before concentrating. This physically prevents fungi but not bacteria from entering 
the solution resulting in greater proportions of bacterial cells in the filtrate. As indicated 
earlier bacterial biomass has greater alkyl C than fungi. The changes in alkyl C 
concentration between Land FH extracts suggests that differences in bacterial biomass in 
the solution could be the reason for greater alkyl C in L extract than FH extract. Freshly 
fallen leaf litter will be rich in labile compounds (see chapters 3 and 4) compared to 
decomposed ones (FH layer). Greater alkyl intensity in L might suggest that bacteria thrives 
well in extract rich with labile compounds than the FH extract which is from material that 
has undergone considerable decomposition and hence the loss of labile compounds. This 
argument support the hypothesis (section 5.4.2) that the L extract might contain less 
bactericidal compounds than the FH layer and thus supported more bacterial biomass. 
The decreased alkyl C intensity with greater decomposition might also be due to a decrease 
in the concentration of polymetheylene compounds with decomposition (Baldock and 
Preston, 1995). Therefore, a number of possible explanations exist for the decrease in alkyl 
C concentration in aqueous extract of needle litter with decomposition. However, further 
studies have to be carried out to fully understand the mechanisms of DOC degradation in 
pine forest floor. 
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In the present study carbohydrates and polyphenolic compounds are represented by signals 
at O-alkyl and acetal and aromatic and phenolic regions, respectively. Polysaccharides give 
signals at O-alkyl and acetal regions and these compounds are readily available sources of 
C to microbial biomass (Preston et ai., 1998). The decline of signal intensity at O-alkyl 
region from L to FH stage in decomposition represents the selective degradation of 
polysaccharides during initial stages of decomposition. A greater O-alkyl C signal intensity 
in L extract supports the fact that L extract contained greater labile fraction than FH extract. 
A slight increase in acetal region signals in FH extract may be due to increased oxidation of 
aliphatic C compounds (Wershaw et ai., 1996). It also indicates the increase in polymeric 
carbohydrate structures in litter which may have arisen from carbohydrates synthesis by 
microorganisms (Baldock et ai., 1990a). 
Signal intensities at N-alkyl, aromatic and phenolic regions can be attributed to lignin 
monomers and polyphenols (tannins) (Wershaw et ai., 1996; Lorenz et ai., 2000). These 
compounds are resistant to degradation (and polyphenols are inhibitory). The 
concentrations of lignin increases with the progress of decomposition from L to FH stage 
and hence FH extract recorded greater signal intensities at these regions. In addition to 
lignin, alkyl amine C (amino acids, proteins) also give rise to a signal at the N-alkyl region. 
A small decrease in relative signal intensities at N-alkyl region in the FH spectrum might 
be due to degradation of proteins. However, increase in lignin concentration with 
decomposition can be observed by the increase in the sharpness of the peak at 56 ppm due 
to methoxyl C of lignin monomer. 
Signals in carboxyl region are derived from organic acids, aldehydes, ketones, amides and 
microbial metabolites (Wilson, 1987; Baldock et ai., 1990a; Hopkins and Chudek, 1997; 
Skjemstad et ai., 1997; Preston et ai., 1998). From spectra and signal intensity data it is 
clear that the proportion of C in the carboxyl region in the FH extract was greater than in 
the L extract (Table 5.9). As decomposition progresses from the L to FH stage, aromatic 
compounds (lignin monomeric units) in the L extract undergo depolymerization, 
demethyloxylation to yield carboxyl C (Weshaw et al., 1996). Aliphatic compounds like 
carbohydrates undergo changes to yield aldonic and aldaric acids which also add to 
carboxyl C signals. In addition to the formation of organic acids, accumulation of 
secondary metabolites and amide C will also give rise to signals at carboxyl region 
(Hopkins and Chudek, 1997). 
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The above patterns are consistent with the results of the chemical analyses. The L extract 
contained greater labile C (carbohydrates) compounds and showed greater C mineralization 
rate compared to the FH extract. A greater proportions of recalcitrant compounds and 
secondary metabolites in the FH extract might be the reason for the slow decomposition of 
FH extract. Overall, the present study results demonstrate that if Land FH leachates get 
into the mineral soil, although there is some biodegradation, a portion of DOC could be 
retained in soil due to its recalcitrant nature and may become incorporated into the soil 
depending upon soil chemistry. 
5.5 Conclusions 
The inhibitory effect of polyphenols on biodegradability of DOC from radiata pine forest 
floor was demonstrated in the present study. The litter quality influenced the composition 
of DOC. The L extract which contained greater concentrations of readily available C 
(carbohydrates) was rapidly mineralized compared with the FH extract. The extract ofFH 
layer, which had undergone considerable decomposition, contained greater proportions of 
aromatic compounds than the L layer. The DOC from the FH layer degraded at a much 
slower rate than that of L layer. Several other factors such as concentration of recalcitrant 
compounds and microbial metabolites may have also influenced the biodegradability of 
DOC. However, further investigation is needed to fully understand these processes. 
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Chapter 6 
Decomposition and Nutrient Stores in Coarse Woody Debris 
6.1 Introduction 
Coarse woody debris (CWD) is an important structural and functional component of both 
managed and natural forest ecosystems (Harmon et al., 1986). It occurs in the form of 
fallen logs, large branches, and standing dead trees (snags) (Stewart and Burrows, 1994). In 
plantation forests CWD is largely derived from thinning and harvesting activities (Carlyle, 
1995). A large fraction of forest production is stored as wood and bark which eventually 
enters the detrital food web as CWD and consequently contribute to soil organic matter. In 
forest ecosystems CWD performs many ecological functions, acting as a habitat for 
organisms, playing a part in energy flow and nutrient cycling, and influencing soil and 
sediment transport and storage (Cline et al., 1980, Sammuelsson et al., 1994; Clinton et al., 
1999). 
Despite its importance only a few studies have been carried out on the stocks and dynamics 
(qualitative and quantitative changes) of CWD. A majority of studies have been carried out 
in the northern hemisphere (e.g. Fahey, 1983; Harmon et al., 1987; Tyrrell and Crow, 1994; 
Krankina et al., 1999; Preston et al., 1998). There have been a few studies carried out in the 
southern hemisphere, but mostly in unmanaged forests (e.g., Stewart and Burrows, 1994; 
Brown et al., 1995; O'Connell, 1997). Plantation forests of radiata pine are a prominent 
feature of landscape in New Zealand. Thinning is a regular practice in plantation forests 
and it is done to channelize resources of the site (water, nutrients, sunlight) on to the 
selected trees, as a result trees reach marketable dimensions at an early age (Maclaren, 
1993). Thinning can result in the accumulation of woody debris in forests. Only a few 
estimates have been made on the quantity of thinning slash in radiata pine forests (Beets 
and Pollock, 1987; Robertson, 1998). Further, the information on decomposition of 
thinning slash or CWD in relation to its quality is inadequate. 
There are a number of compelling reasons to seek a fuller understanding of CWD in forest 
ecosystems. These include quantification of nutrient storage in decaying wood, bark and 
side branches, long-term sustainability of forest soil as CWD is an important source of C 
and the importance of CWD in scenarios for the control of global climate change (Preston, 
176 
1992). The decomposition of CWD is slow and consequently CWD can act as a long-term 
storehouse of energy and nutrients to plants and microorganisms. Thus, improved 
knowledge of the rates of decomposition of CWD and the factors affecting these rates are 
important for long-term management of plantation forestry in New Zealand. 
One of the important factors that regulate the decomposition rate is substrate quality 
(Sanger et al., 1998). Linking the decomposition rates of individual components of CWD 
such as wood, bark and small (side) branches presents an interesting challenge. 
Specifically, three broad driving factors can be identified which distinguish these 
components of CWD. While bark is rich in nutrients it usually has greater concentrations of 
inhibitory compounds such as polyphenols (Guedes de Carvalho et al., 1991). Wood is rich 
in easily degradable C compounds such as carbohydrates but its large volume will be a 
major deterent to decomposing organisms making it physically inaccessible. The third 
component, side branches, however, does not pose a physical challenge but because of its 
woody nature and wider C:element ratio its decomposition can be slow (Harmon et al., 
1987). The physical and chemical characteristics of individual components make it 
interesting to study their relative importance in the overall decomposition of CWD. 
Decomposition of CWD is slow, necessitating long time periods to accurately measure the 
decay rates of individual logs. An alternative short-term method is to determine the length 
of time logs have been dead and examine the density or other characteristics with time 
(Harmon et al., 1986). This array of aged pieces forms a chronosequence. However, 
difficulty in obtaining accurate information on site history and age of logs may be the 
limitations to be borne in mind while using this technique. Nevertheless, this technique has 
been successfully used in several studies (Spies et al., 1988; Preston et al., 1998). 
A chronosequence approach was used in the present study. The hypothesis that 
decomposition is a function of chemical composition (quality) is evaluated in this study. 
The study area chosen (Eyrewell Forest) is currently managed by Carter Holt Harvey Forest 
Limited. The soil type and climate are broadly similar across the forest. The study was 
carried out in a second rotation radiata pine plantation forest with the following objectives: 
i) to determine the decomposition rate of different components of CWD (bark, 
wood, and side branches), as measured by reduction in density; 
ii) to relate the decomposition of different components of CWD (bark, wood 
and side branches) to the changes in their quality; 
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iii) to asses the changes in nutrient storage in different components (bark, wood 
and side branches) of decomposing CWD. 
6.2 Materials and Methods 
6.2.1 Study Site, Sampling and Field Measurements 
The study was carried out in a radiata pine plantation forest at Eyrewell (section 3.2.1). 
Eyrewell forest was established over approximately 9000 ha in 1930 and is divided in to 
many compartments and stands. The area of the stands used for sampling CWD ranged 
from 1.2 to 32 ha. Detailed management records (rotation, area, year of planting, planting 
density, thinning data, final density) have been maintained for each stand and these were 
used to select suitable sites for the present study. It was decided to focus on second rotation 
stands. Five age categories of thinning residue were identified. The selection of stands for 
sampling was based on the following criteria: 
(i) time spent by the thinning residues on the forest floor, 
(ii) age of stand at the time of thinning, and 
(iii) stand density before and after thinning. 
The details of the stands chosen for sampling are given in Table 6.1. The time spent by the 
thinning residues on the forest floor were (compared with the reference year of 1998): zero, 
1,4,9 and 13 years. The age of stand when thinned ranged from 7 years to 13 years but 
within a particular decay class the age of stand at the time of thinning was similar (i.e. for 
example 13 years decay class was thinned when stand was 13 years old while the 4 years 
decay class was thinned when the stand was approximately 11 years old). The stand density 
reflects the management regime, and relative uniformity in stand density implies that 
management regime was comparable across the decay classes. 
Three sampling plots of 20 m x 20 m dimension were established for each of the decay 
year. Two logs in each plot were randomly selected for sampling. The following 
observations were recorded in the field: number of logs in the sampling plot, length of the 
log, diameter at three locations (bottom, middle and top), presence or absence of needles, 
presence or absence of bark, approximate bark cover of the log, whether logs can support 
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Table 6.1 Selected characteristics of the Eyrewell forest stands selected for CWD 
study. 
Years of Compartment Sta Area Planted Year of Age at Stand Density 
decay nd (Ha) thinning thinning Before After 
(base 1998) thinning thinning 
0 30 5 6.8 1991 1998 7 1000 600 
39 14 6.6 1989 1997 8 1000 700 
4 50 10 2.0 1983 1994 11 1250 875 
4 50 13 6.3 1984 1994 10 1012 742 
4 51 3 19.5 1983 1994 11 1278 793 
9 50 4 8.3 1978 1989 11 1250 350 
9 59 11.3 1978 1989 11 1250 387 
9 61 32.2 1979 1989 10 1666 452 
13 56 10 8.6 1972 1985 13 1102 500 
13 56 11 1.2 1972 1985 13 1102 500 
13 56 12 3.6 1972 1985 13 1102 500 
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their own weight or not, shape of the log (round or oval), friability, number of side 
branches, wet weight of side branches and condition of the side branches (whether readily 
detachable or not). 
Length and the bottom diameters of the side branches were recorded. The thickness of the 
bark on side branches was not recorded due to time and resource constraints. Therefore, an 
approximate bark cover on side branches at the time of sampling was recorded based on the 
visual observation. A sub sample of side branches from each tree were collected to 
determine intact side branch density, side branch wood density, side branch bark density, 
and chemical composition of side branch wood and side branch bark. Based on the volume 
and density of side branch bark obtained from sub-samples, it was assumed that 90% of the 
intact side branch weight is contributed by side branch wood and 10% by side branch bark. 
This assumption has been used in calculating the total nutrient amounts in intact side 
branches. 
6.2.2 Terminology 
CWD or thinning slash: The terms 'CWD' and 'thinning slash' have been used 
interchangeably. For the purpose of this study woody debris >2.5 cm in diameter was 
considered as CWD and it was divided into four components namely; log wood, side 
branch wood, log bark and side branch bark. 
Log wood: The term 'log wood' includes both sapwood and heartwood. 
Log bark: 'log bark' includes outer and inner bark. 
Side branch wood: denotes wood part of the side branch. 
Side branch bark: represents bark on the side branch. 
Intact side branch: "intact side branch" or whole side branch includes both side 
branch bark and side branch wood. Volume, mass, density 
and total amounts of elements in side branches were reported 
for intact side branches. 
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6.2.3 Wood, Bark and Side Branch Density 
Discs (5-20 cm) from the bottom, middle and top portions on each sampling log were cut 
using a bow saw for density measurement and further chemical analyses. For all the discs 
diameter (including bark) of both the ends of the disc (average of 3 readings), length of the 
disc (average of 3 readings) and thickness of bark were recorded in the field. For the 9 and 
13 year decay classes, because the logs were highly decomposed, disc volume was recorded 
in the field (before cutting by marking the length of the disk and measuring the diameter). 
Once the discs were cut the thickness of bark, if present, was recorded. After 4 years of 
decay bark was present only on the bottom portion of the logs. Therefore, bark found 
adjacent to middle and top portions of the sampling log were collected (assuming that they 
were detached bark from the same portions). In addition to discs, side branches of the 
sampling logs were also collected for further analysis. 
In the laboratory, wood and bark of log and side branches were separated. For 
determination of bark density, small rectangular pieces of bark were cut and their 
dimensions were recorded to estimate the volume. For wood density measurements, 
volumes were determined using the dimensions of the disc after subtracting bark thickness 
from the diameter. Smaller pieces of side branch wood were cut and dimensions were 
recorded to calculate the volume. Weights of bark and wood of logs and branches were then 
determined after drying samples in an oven at 40°C for 15 days. Oven dry weights of the 
samples were divided by their respective volumes to obtain density values. A sub sample 
of intact side branches (with bark) was used to determine moisture content and density of 
intact side branches. This data was used to convert wet weights of side branches recorded in 
the field into oven dry equivalents. 
6.2.4 Log Volume and Mass 
The volume of whole logs were calculated using the formula given below: 
V (m3) = L * (n dB2/4 +n dM2/ 4 + n dT2/4) / 3 Equation 6.1 
L - Length of the log (m); 
dB - Bottom diameter of the log (m); 
dM - Middle diameter of the log (m); 
dT - Top diameter of the log (m). 
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The volume of the decomposing log with and without bark was calculated. The volume of 
the log without bark was multiplied by the wood density to obtain the mass of the wood. 
The differences between the volume of with bark and without bark was taken as the volume 
of bark. This was multiplied by respective bark density to obtain the mass of bark. The sum 
of wood and bark volume and mass were taken as volume and mass of whole log. The 
volume and mass of the sample logs were then multiplied by the total number of logs in the 
plot to obtain the volume and mass of decaying logs per plot. This was then converted into 
volume and mass of decaying logs per hectare. 
The volume of side branches (with bark) was obtained by dividing oven dry equivalent 
mass by intact side branch density. The volume and mass of intact side branches were 
mUltiplied by the total number of logs to get an estimate of volume and mass of side 
branches per plot and per hectare. The sum of whole log (with bark) and side branches 
(with bark) was taken as the total volume and mass of CWD. 
6.2.5 Sample Preparation and Chemical Analyses 
Component samples from one of the two logs in each plot were selected for detailed 
chemical analysis. This was done mainly because of time and resource constraints. The 
bark and wood samples of log and side branches from one of the sampling logs in each plot 
were cut in to smaller pieces using a band saw and ground to < 5 mm using a Biber Wien 
mill. Sub-samples were then ground to <1 mm using a cyclone mill fitted with a stainless 
steel screen. The finely ground samples were then analysed for soluble carbohydrates, 
polyphenols, NDF, ADF, hemicellulose, cellulose, lignin, total C and nutrients (N, P, K, 
Mg, and Ca) using the methods described in section 3.2.1. Carbon and nutrient stocks in 
decomposing logs were calculated by mUltiplying average nutrient contents (bottom, 
middle and top) of bark, and wood by estimated mass (based on density and greatest mass 
recorded in field). The nutrient stock in side branches was estimated by multiplying 
weighted average (by assuming wood to bark ratio was 9:1) of nutrients by oven dry 
equivalent mass of intact side branches. 
6.2.6 NMR Spectroscopy 
Solid state CPMAS TOSS (Total Suppression of side-bands) l3C NMR spectra were 
obtained using a Bruker MSL 300 operating at 75.5 MHz. Due to limited machine and 
sample availability, one composite sample for each component (bottom log wood, bottom 
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log bark, side branch wood, side branch bark) representing 0 to 13 years of decay was 
prepared by mixing an equal amount from three replication plots. Only 0 and 13 year age 
samples were analysed for side branch wood and side branch bark. The samples were spun 
at magic angle spinning rates of 4.8 kHz in a 7 mm OD rotor. Spectra were acquired with 1 
ms contact time,ls relaxation delay and 6000 scans. The spectra were processed using 50 
Hz line-broadening and baseline correction. Spectra were plotted with a standard height 
assigned to the tallest peak. Peak areas were measured electronically using standard Broker 
software for the following chemical shift regions (Randall et al., 1995): 
(i) alkyl C, 0-45 ppm; 
(ii) N-alkyl C, 45-65 ppm; 
(iii) O-alkyl C, 65-95 ppm; 
(iv) acetal C, 95-108 ppm; 
(v) aromatic C, 108-140 ppm; 
(vi) phenolic C, 140-160 ppm and; 
(vii) carboxyl C, 160-220 ppm. 
6.2.7 Statistical Analyses 
Univariate ANOV A was carried out to test the significance of density differences among 
log wood and log bark at three locations (i.e. bottom, middle and top), side branch wood 
and side branch bark for each decay year using Genstat package. To understand the effect 
of substrate quality on decomposition of CWD, density values were correlated with quality 
parameters. The linear, single and double exponential models were fitted to the mass loss 
data for different components of CWD (Wood, bark, and intact side branches). 
6.3 Results 
6.3.1 CWD Structure 
Some selected characteristics of the decaying logs are described in Table 6.2. The decaying 
log appeared largely intact up to 4 years. The only change in the physical appearance of 
logs in the first year of decay was loss or detachment of needles. Bark was largely intact up 
to 4 years and began to detach thereafter. Bark loss appeared first in the middle and top 
portions of the log. After 9 and 13 years of decay bark was largely absent on logs and could 
be found only on adjacent sides or bottom of the decaying log. The side branches were 
intact up to 4 years. After 4 years of decay side branches were loosely attached to the log 
Table 6.2 Selected characteristics of decaying logs over 13 years. 
Parameters \ Years of deca~ 0 1 
Bark cover Intact Intact 
Average length of log (m) 5.0 ± 0.14 6.3 ± 0.43 
Bole shape Round Round 
Wood consistency Soild, hard Solid,;hard 
Side branches Intact Intact 
Number of branches attached / tree 50±4 38 ±5 
Bark cover on side branches(%) 100 100 
Approximate area occupied by dead logs (m2 ha· l ) 137 ± 15 137 ± 18 
A vg. botom diameter of logs (cm) 11.8 ± 0.66 13.4 ± 0.51 
Number of logs per ha. 400 ± 37 283 ± 19 
Standard errors are given for selected parameters. 
4 9 
>50% intact <25% intact 
1O.2± 0.57 7.4 ± 0.94 
Round Elliptical 
Solid, hard Solid, soft 
Intact, but No branches 
pull out attached, but 
easily scattered around 
log. 
48 ±6 23 ±3 
>75 25 
440 ± 64 320± 54 
17.3 ± 1.07 18.4 ± 1.68 
417 ± 26 317 ± 11 
13 
<25% intact 
7.7 ± 0.41 
Elliptical 
Fragmented 
No branches 
attached, but 
scattered around 
log. 
15 ± 2 
<25 
157 ± 27 
14.7 ± 1.91 
225 ±46 
.... 
00 
w 
Figure 6.1 Examples of thinning slash (CWO) at time zero (left) and after 1 year of 
decay (right). 
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Figure 6.3 Thinning slash (CWD) after 13 years of decay (note that 
side branches are scattered around boles), 
Table 6.3 Volume and Mass of CWD components over 13 years of decay. 
Years of decay Wood Bark Side branches TotalCWD 
Actual Volume (m] ha'I) 
0 7.6 ± 0.84 1.9 ±0.43 9.5 ± 1.53 19.0 ± 2.62 
10.7 ± 1.22 1.5 ± 0.37 4.3 ±0.42 16.5 ± 1.78 
4 35.6 ± 6.73 10.1 ± 1.87 5.4 ± 1.02 51.1 ± 9.06 
9 24.1 ± 12.34 1.6 ± 1.14 2.8 ± 0.32 28.5 ± 11.81 
13 11.4 ± 1.98 0.9 ± 0.30 1.2 ± 0.24 13.5 ± 2.33 
Actual mass (t ha'l) 
0 2.8 ± 0.29 0.8 ± 0.17 3.8 ± 0.88 7.5 ± 1.27 
3.2 ± 0.50 0.8 ±0.13 1.2 ± 0.26 5.2 ±0.79 
4 10.6 ± 2.28 3.7 ± 0.56 2.2 ±0.62 16.6 ± 3.23 
9 4.2 ±0.94 1.2 ± 0.22 0.9 ± 0.18 6.4 ± 0.70 
13 1.8 ± 0.28 0.3 ± 0.05 0.3 ± 0.11 2.3 ± 0.36 
Estimated' mass (t ha'l) 
0 13.3 ± 0.74 4.0± 0.20 5.7±0.11 23.0 ± 1.04 
10.7 ± 2.01 3.6 ± 0.39 5.7 ± 0.15 20.0 ± 2.55 
4 10.6 ± 0.90 3.3 ± 0.21 5.7 ±0.08 19.6 ± 1.20 
9 6.3 ± 2.58 2.5 ± 0.55 5.3 ± 0.22 14.1 ± 3.35 
13 5.5 ± 1.14 1.8 ± 0.41 4.3 ± 0.46 11.6 ± 2.00 
*- Based on maximum observed volume and density loss. 
Standard errors are given. 
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and could be pulled out easily. No side branches were attached to logs after 9 years of 
decay (Figures 6.1 to 6.3). The bark cover on side branches was intact up to 4 years and 
began to decline thereafter. 
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Logs decomposed from the outside to inside. The wood consistency was solid up until 9 
years. The upper portions of logs disappeared faster than the basal portion. After 9 years of 
decay logs lost their shape and consistency. Wood in some of the logs after 9 years of decay 
could be easily crushed by hand (friable). The consistency of wood deteriorated further 
after 13 years of decay. Though it was not planned to assign a decay class to the 
decomposing logs, the description of logs fits the characteristics of class I to class III (0 to 4 
years - decay class I and II, 9 and 13 - decay class III ) as described by Arthur and Fahey 
(1990). 
6.3.2 Volume, Mass and Area 
The actual volume of decaying logs was greatest in 4 year decay plots, which had the 
maximum number of decaying logs per hectare and greater dimensions (length and 
diameter) than other decay ages (Table 6.3) .. The actual mass of the dead logs was also 
greatest in 4 year plots (Table 6.3). The maximum surface area of ground occupied by 
decaying CWD was around 440 m2 ha-1 in year 4 (Table 6.2). The observations made in the 
field suggested that the volume of decaying CWD remains largely intact up to 4 years. The 
estimated total mass of CWD, based on density and the maximum volume observed in the 
field (4 year decay plots), was 23 t ha-1 at year 0 and it decreased to 12 t ha-1 after 13 years 
of decay (Table 6.3 and Figure 6.4). By the end of 13 years wood, bark and side branches 
(with bark) had lost 59,55 and 24% of their initial mass, respectively. 
6.3.3 Density of Wood, Bark and Side Branches 
The density of log wood, log bark, side branch wood and side branch bark decreased 
significantly with time (Table 6.4). There were variations in the density of wood at different 
locations on decomposing logs. The wood component of middle and the top portions on the 
log had similar density to that of bottom disc after 1 year of decay, although the bottom 
portion wood had a greater density than the middle at time zero. In general the density of 
bark (log and side branches) was greater than that of wood (log and side branches). 
However, densities of side branch wood and side branch bark were greater than densities of 
log wood and log bark. 
Table 6.4 Density (t m-3) of log wood, log bark, side branch wood and side branch bark over 13 years of decay. 
Years of decay Log wood Log bark Log wood Log bark Side branches LSD 
Bottom Middle Top Bottom Middle Top (Average) (Average) Wood Bark Intact 
0 0.40 0.35 0.38 0.40 0.39 0.37 0.38 0.39 0.60 0.62 0.60 0.002 
(0.028) (0.011) (0.022) (0.020) (0.018) (0.020) (0.021) (0.019) (0.012) (0.010) (0.012) 
0.29 0.29 0.31 0.36 0.35 0.36 0.30 0.36 0.61 0.62 0.61 0.006 
(0.070) (0.091) (0.009) (0.046) (0.041) (0.028) (0.057) (0.038) (0.016) (0.012) (0.016) 
4 0.24 0.32 0.32 0.33 0.29 0.33 0.61 0.60 0.61 0.006 
(0.031) (0.018) (0.027) (0.021) (0.025) (0.021) (0.008) (0.020) (0.009) 
9 0.12 0.16 0.16 0.25 0.13 0.15 0.19 0.56 0.57 0.56 0.103 
(0.105) (0.072) (0.040) (0.060) (0.049) (0.072) (0.054) (0.023) (0.032) (0.024) 
13 0.10 0.22 0.15 0.18 0.16 0.16 0.17 0.46 0.51 0.47 0.004 
(0.008) (0.048) (0.039) (0.037) (0.044) (0.032) (0.040) (0.052) (0.020) (0.049) 
Figures in parenthesis are standard errors. 
...... 
00 
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6.3.4 Changes in Organic Constituents of CWD 
Water Soluble Carbohydrates and Polyphenols 
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Log bark contained significantly greater soluble carbohydrates concentrations than any 
other components throughout the study period (Table 6.5). Log wood and side wood bark 
or side branch wood did not differ significantly in their soluble carbohydrates concentration 
throughout the 13 years of decay. Bottom portion bark had significantly greater 
concentrations of carbohydrates than that of middle and top portion bark. The concentration 
of soluble carbohydrates in did not differ significantly among bottom middle, and top log 
wood until 9 years and after 13 years of decay bottom log wood contained significantly 
greater soluble carbohydrates than middle and top log woods. 
The polyphenol concentration of log bark was significantly greater than log wood up to 9 
years (Table 6.5). Log wood and side branch wood did not differ in polyphenols 
concentration through out the 13 years of decay. Similarly log wood and side branch bark 
did not differ significantly in polyphenols concentration except for 9 years samples (Table 
6.5). After 9 years of decay bottom bark contained greater concentrations of polyphenols 
compared with middle and top bark. 
In all the components (log wood, log bark, side branch wood and side branch bark) 
concentrations of soluble carbohydrates decreased with time (Figure 6.5). The polyphenol 
concentration decreased with time in log bark, side branch bark and side branch wood, 
while the polyphenol concentration of log wood decreased up to 9 years and increased 
significantly thereafter. 
Holocellulose 
The holocellulose concentrations were similar throughout the length of logs (Table 6.6). 
The concentration of holocellulose did not differ significantly among the top, middle and 
bottom log wood throughout the decay period. Log bark holocellulose concentration did not 
differ significantly among three locations until 9 years of decay. After 9 years bottom bark 
had significantly greater holocellulose concentration than middle log bark but after 13 years 
of decay middle portion log bark contained greater concentration of holocellulose than 
bottom log bark. However, log wood contained significantly greater concentrations of 
holocellulose than log bark throughout the 13 years of decay. The holocellulose 
concentration in log wood was greater than side branch wood in 1,4 and 13 years samples. 
Table 6.5 Concentrations (mg g.l) of water soluble carbohydrates and polYEhenols in CWD comEonents over 13 years of decay. 
Years of decay Log wood Log bark Log wood Log bark Side branches LSD 
Bottom Middle Top Bottom Middle Top (Average) (Average) Wood Bark 
Soluble Carbohydrates 
0 18.1 19.8 10.0 93.4 26.8 21.1 16.0 47.1 12.0 19.8 18.47 
(4.80) (7.34) (0.75) (10.91) (1.72) (4.02) (4.30) (5.55) (1.40) (0.92) 
1 17.8 15.1 9.7 58.5 24.8 20.3 14.2 34.5 11.4 18.9 16.20 
(5.04) (0.86) (0.99) (11.69) (1.06) (0.96) (2.30) (4.57) (1.43) (1.22) 
4 15.3 11.9 9.6 36.5 12.3 36.5 7.7 11.0 12.26 
(1.87) (2.02) (0.87) (6.95) (1.59) (6.95) (1.29) (1.12) 
9 14.9 11.6 9.0 32.7 17.8 ll.8 25.2 7.2 10.7 5.13 
(1.58) (1.27) (0.96) (1.17) (Ll3) (1.27) (1.15) (1.07) (1.62) 
l3 14.2 8.5 8.8 26.3 15.7 10.5 21.0 7.0 9.8 4.23 
(5.94) (2.56) (3.97) (6.90) (1.31) (Ll6) (LlO) (0.76) (1.55) 
Polyphenols 
0 6.1 6.3 5.5 123.0 31.1 26.5 5.9 60.2 5.5 19.0 14.05 
(2.49) (2.91) (0.74) (9.25) (3.24) (3.67) (2.05) (5.39) (1.05) (Ll1) 
1 6.1 6.1 5.2 84.3 28.2 25.5 5.8 46.0 ·5.4 17.4 18.96 
(0.12) (0.75) (0.60) (13.68) (3.65) (5.08) (0.49) (7.47) (0.67) (2.01) 
4 8.6 3.7 4.5 40.1 5.6 40.1 5.3 14.7 8.98 
(3.48) (0.39) (0.40) (4.23) (1.42) (4.23) (1.24) (1.32) 
9 l3.9 l2.1 11.4 24.1 20.6 12.5 22.3 5.2 ll.5 11.17 
(2.02) (2.75) (3.48) (2.99) (3.44) (2.75) (3.21) (1.73) (1.78) 
l3 14.1 17.3 18.1 13.7 11.7 16.5 12.7 4.7 6.8 NS 
(4.41) (3.97) (4.04) (4.75) (0.92) (4.14) (2.48) (1.34) (1.45) 
Figures in parenthesis are standard errors. 
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Side branch bark contained significantly greater holocellulose concentration than log bark 
throughout the decay year The concentration of holocellulose decreased with time in all the 
CWD components (Figure 6.5) .. 
Lignin 
The lignin concentration did not differ significantly in log wood at three locations 
throughout the decay period (Table 6.6). However, there were significant differences in 
lignin concentrations among bottom, middle and top log bark. Log bark contained 
significantly greater lignin concentrations than log wood and side branch bark throughout 
the decay period (Table 6.6). Side branch wood and log bark did not differ significantly 
from each other in lignin concentration but both had significantly greater lignin 
concentrations than that of log wood. The lignin concentration increased in side branch 
wood during 13 years, whereas it increased in log wood, log bark, and side branch bark it 
increased up to 9 years of decay and decreased thereafter (Figure 6.5). 
6.3.5 Carbon and Nutrients 
Carbon concentration of different components of CWD (log wood, log bark, side branch 
wood and side branch bark) did differ significantly throughout the decay period (Table 6.6; 
Figure 6.6). In contrast, N concentration increased with time from 1.21 to 2.26, 7.63 to 
10.68, 1.20 to 1.40 and 4.70 to 7.70 mg g-lin log wood, log bark, side branch wood and side 
branch bark, respectively (Table 6.7; Figure 6.6). The upper portion log bark contained 
significantly greater concentrations of N than that of bottom bark throughout the decay 
period (Table 6.7). The N concentration did not vary significantly among bottom, middle 
and top log wood throughout the 13 years of decay (Table 6.7). 
Furthermore, the concentrations of N in log bark and side branch bark were greater than 
those of log wood and side branch wood, respectively(Table 6.7). Log wood and side 
branch wood had similar N concentrations up to 4 years of decay. Thereafter the log wood 
had significantly greater N concentrations than side branch wood. The C:N ratio of wood 
(log and side branch) was consistently greater than that of bark (log and side branches) 
(Table 6.12). The C:N ratio declined over 13 years of decay from 462 to 250,85 to 47,397 
to 331 and 100 to 58 in log wood, log bark, side branches wood and side branches bark, 
respectively. 
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Concentrations (mg g-I) of soluble carbohydrates, polyphenols, holocellulose, and 
lignin in decomposing components in CWD over 13 years of decay. 
Table 6.6 Concentrations (mg g-l) of carbon (C), lignin and holocellulose CWD comEonents over 13 years of decay. 
Years of decay Log wood Log bark Log wood Log bark Side Branches LSD 
Bottom Middle TOE Bottom Middle TOE (Average) (Average) Wood Bark 
Carbon 
0 479 494 486 477 493 508 486 493 476 470 NS 
(2.5) (1.9) (11.0) (17.2) (5.8) (8.4) (5.1) (10.5) (15.4) (12.0) 
1 494 486 500 500 489 478 493 489 489 484 NS 
(18.2) (5.9) (5.8) (3.5) (9.3) (3.3) (10.0) (5.4) (19.8) (13.2) 
4 484 486 483 493 484 493 489 480 NS 
(5.4) (3.5) (0.3) (6.4) (3.1) (6.4) (13.1) (12.5) 
9 513 496 475 500 473 495 487 478 477 NS 
(12.9) (3.9) (3.8) (10.4) (7.0) (6.9) (8.7) (6.9) (11.2) 
13 481 484 501 477 475 489 476 463 450 NS 
(13.6) (11.3) (7.0) (4.9) (4.5) (10.6) (4.7) (5.2) (7.6) 
Holocellulose 
0 579 550 507 335 288 267 546 297 450 387 154.0 
(41.9) (14.3) (101.2) (29.4) (20.5) (11.2) (52.5) (20.4) (22.5) (23.5) 
542 553 500 234 189 189 532 204 332 348 79.8 
(22.9) (21.5) (23.8) (14.4) (56.4) (48.7) (22.7) (39.8) (17.0) (27.1) 
4 476 509 479 244 488 244 307 336 83.8 
(44.0) (16.0) (17.0) (5.6) (25.7) (5.6) (15.7) (30.1) 
9 344 365 424 113 96 377 104 288 262 95.1 
(32.1) (18.8) (12.0) (37.3) (23.8) (21.0) (30.6) (14.5) (14.5) 
13 310 333 346 63 104 330 83 225 233 39.0 
(113.1) (88.6) (74.8) (31.9) (54.1) (12.2) (33.0) (22.2) (18.7) 
Lignin 
0 260 297 317 503 520 387 291 470 420 360 108.5 
(11.5) (20.3) (41.8) (24.0) (37.9) (56.1) (24.5) (39.3) (13.5) (15.2) 
1 287 297 323 587 547 533 302 556 490 410 83.8 
(6.7) (14.5) (6.7) (41.0) (43.3) (24.0) (9.3) (36.1) (39.3) (23.3) 
4 337 380 363 597 360 597 500 410 61.7 
(21.9) (20.8) (6.7) (21.9) (16.4) (21.9) (21.4) (19.5) 
9 377 400 380 680 610 386 645 500 460 54.0 
(18.6) (12.2) (5.8) (10.0) (26.4) (12.2) (18.2) (10.0) (9.5) 
13 370 363 357 610 565 363 588 550 450 43.7 
(117.3) (63.3) (44.5) (109.9) (55.0) (11. 7) (12.4) (31.1) (21.4) 
Figures in parenthesis are standard errors. ,..... 
\0 
Ul 
196 
Carbon and N storage in CWD followed overall mass loss patterns (Table 6.9). At time 
zero the total amount of C contained in CWD (sum of wood, bark and side branches) was 
11 t ha-l and declined to 6 t ha-l after 13 years of decomposition. This loss of 50% C 
parallels 49% mass loss observed over the same period. Among the CWD components, log 
wood accounted for most C stored in decomposing logs. Nitrogen storage in CWD 
amounted to 56 kg ha-l at time zero and declined to 41 kg ha-l after 13 years of decay. 
Bark components contained more N than wood and (intact) side branches. While wood and 
side branches released little N, bark lost 11 kg N ha-l over 13 years. 
The concentration ofP increased from 0.09 to 0.16 and 0.05 to 0.12 mg g-l in log wood and 
side branch wood during 13 years of decay, respectively (Table 6.7). In log bark and side 
branch bark P concentration decreased from 1.09 to 0.36 and 0.56 to 0.16 mg g-l during the 
same period of decay (Figure 6.6). The P concentration did not vary significantly among 
different parts of decomposing logs (top, middle and bottom) in log wood. The P 
concentration in top log bark was significantly greater than bottom bark during the initial 4 
years. The CWD contained 6 kg ha- l P at time zero and it decreased to 2 kg ha-l after 13 
years of decomposition (Table 6.9). While the total P decreased by 27 and 85 % in wood 
and bark, respectively, it remained almost constant in side branches (Figure 6.6). 
The concentrations of Ca increased in wood (log and side branch) with decomposition but 
decreased in bark (log and side branch) (Table 6.7). Calcium concentration did not vary 
significantly among top, middle and bottom parts of log wood up to 9 years and thereafter it 
was greater in bottom log wood than the other two portions. The middle portion log bark 
contained significantly gr~ater Ca concentration than bottom log bark up to 1 year of 
decomposition and thereafter there were no significant differences among log bark on 3 
locations. Among CWD components side branch bark contained greatest concentration of 
Ca. Log bark consistently had greater Ca concentration than log wood (except 9 year 
samples). Side branch wood contained significantly greater Ca concentration than log wood 
throughout the decay period (Table 6.7). Magnesium concentration increased with time in 
both wood (log and side branches) and bark (log and side branch) (Table 6.8). Log wood 
did not differ much in Mg concentration among three portions (bottom, middle and top) 
during the decay period. However, significant differences were observed in Mg 
concentration among bottom, middle and top log bark samples throughout the 
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Figure 6.6 Concentrations (mg g-I) and total amounts (t ha- I, kg ha- I) of carbon(C), 
nitrogen(N), phosphorus (P) in CWD components over 13 years of decay. 
* calculated based on weighted average. 
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Figure 6.7 Concentrations (mg g-l) and total amounts (kg ha-1) of calcium (Ca), 
magnesium (Mg) and potassium (K) in CWD components over 13 years of 
decay. 
* calculated based on weighted average 
Table 6.7 Concentrations (mg go!) of nitrogen (N), phosEhorus (P) and calcium (Ca) in CWD.components over 13 years of decay. 
Years of decay Log wood Log bark Log wood Log bark Side Branches LSD 
Bottom Middle TOE Bottom Middle TOE (Average) (Average) Wood Bark 
N 
0 0.9 0.9 1.8 3.2 8.6 11.1 1.2 7.6 1.2 4.7 1.35 
(0.06) (0.10) (0.39) (0.10) (0.52) (0.84) (0.18) (0.49) (0.28) (0.32) 
1.0 1.1 1.7 4.4 7.4 10.9 1.3 7.6 1.3 6.7 2.76 
(0.18) (0.12) (0.26) (0.66) (0.32) (2.04) (0.19) (1.01) (0.21) (0.18) 
4 1.2 1.3 2.2 6.6 1.5 6.6 1.4 8.4 1.84 
(0.13) (0.06) (0.34) (1.07) (0.18) (1.07) (0.11) (0.13) 
9 1.7 1.5 2.0 9.0 10.5 1.8 9.8 1.4 8.0 1.46 
(0.52) 0.00 (0.03) (0.07) (0.10) (0.19) (0.09) (0.12) (0.15) 
13 1.6 1.9 3.3 8.7 12.7 2.3 10.7 1.4 7.7 2.29 
(0.25) (0.30) (0.62) (0.44) (1.75) (0.39) (1.09) (0.15) (0.12) 
P 
0 0.10 0.09 0.08 0.68 0.98 1.60 0.09 1.09 0.05 0.56 0.335 
(0.010) (0.003) (0.008) (0.003) (0.103) (0.246) (0.007) (0.117) (0.027) (0.021) 
0.09 0.10 0.09 0.52 0.70 0.95 0.09 0.72 0.10 0.53 0.340 
(0.025) (0.008) (0.023) (0.071) (0.098) (0.239) (0.019) (0.136) (0.012) (0.021) 
4 0.10 0.10 0.13 0.39 0.11 0.39 0.12 0.39 0.006 
(0.024) (0.006) (0.002) (0.026) (0.011) (0.026) (0.014) (0.011) 
9 0.15 0.11 0.13 0.40 0.41 0.13 0.40 0.12 0.28 0.184 
(0.050) (0.000) (0.049) (0.027) (0.036) (0.033) (0.032) (0.013) (0.020) 
13 0.17 0.12 0.19 0.32 0.39 0.16 0.36 0.12 0.16 NS 
(0.003) (0.020) (0.012) (0.015) (0.203) (0.012) (0.109) (0.014) (0.013) 
Ca 
0 2.3 2.2 2.1 5.2 6.4 4.90 2.2 5.5 3.1 10.6 0.759 
(0.03) (0.08) (0.10) (0.12) (0.40) (0.41) (0.07) (0.31) (0.08) (0.13) 
2.3 2.3 2.1 4.8 6.2 4.78 2.3 5.3 3.1 10.1 0.974 
(0.08) (0.03) (0.01) (0.08) (0.76) (0.04) (0.04) (0.29) (0.01) (0.06) 
4 2.9 2.6 2.1 4.8 2.5 4.8 3.2 9.8 0.410 
(0.06) (0.00) (0.22) (0.11) (0.09) (0.11) (0.03) (0.02) 
9 3.1 2.7 2.6 4.7 4.6 2.8 4.6 3.6 8.7 1.067 
(0.35) (0.35) (0.17) (0.27) (0.24) (0.29) (0.25) (0.49) (0.18) 
13 3.8 2.9 2.8 3.9 4.2 3.2 4.0 3.6 6.0 0.402 
(0.10) . (0.06) (0.19) (0.12) (0.09) (0.11) (0.10) (0.17) (0.15) 
Figures in parenthesis are standard errors. 
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Table 6.8 Concentrations (mg g-l) of magnesium (Mg) and Eotassium (K) in CWD comEonents over 13 years of decay. 
Year of Log wood Log bark Log wood Log bark Side Branches LSD 
decay 
Bottom Middle Top Bottom Middle Top (Average) (Average) Wood Bark 
Mg 
0 0.31 0.33 0.34 0.588 1.492 1.359 0.33 1.15 0.37 1.44 0.184 
(0.039) (0.020) (0.007) (0.062) (0.095) (0.080) (0.022) (0.079) (0.025) (0.023) 
0.36 0.35 0.35 0.803 1.547 1.774 0.35 1.38 0.37 1.64 0.407 
(0.018) (0.012) (0.032) (0.189) (0.095) (0.242) (0.020) (0.175) (0.012) (0.019) 
4 0.38 0.37 0.36 1.073 0.37 1.07 0.39 1.74 0.235 
(0.003) (0.011) (0.002) (0.144) (0.006) (0.144) (0.016) (0.015) 
9 0.45 0.45 0.39 1.127 1.668 0.43 1.40 0.40 1.77 0.655 
(0.176) (0.000) (0.157) (0.089) (0.119) (0.111) (0.104) (0.014) (0.011 ) 
13 0.40 0.49 0.45 1.136 1.738 0.45 1.44 0.42 1.78 0.271 
(0.005) (0.044) (0.119) (0.073) (0.145) (0.056) (0.109) (0.044) (0.021) 
K 
0 1.67 1.13 2.19 2.67 7.94 12.881 1.66 7.83 0.58 3.12 2.714 
(0.118) (0.128) (0.736) (0.423) (0.163) (1.969) (0.327) (0.852) (0.076) (0.021) 
1 1.56 0.74 1.63 2.50 7.65 8.436 1.31 6.20 0.56 3.12 2.863 
(0.539) (0.057) (0.547) (0.319) (0.192) (2.109) (0.381) (0.873) (0.062) (0.054) 
4 1.23 0.41 0.57 1.20 0.74 1.21 0.37 0.89 NS 
(0.372) (0.142) (0.010) (0.113) (0.175) (0.113) (0.051) (0.033) 
9 0.62 0.39 0.54 0.51 1.55 0.52 1.03 0.24 0.58 NS 
(0.318) (0.085) (0.248) (0.152) (0.104) (0.217) (0.128) (0.056) (0.024) 
13 0.36 0.17 0.17 0.40 0.57 0.23 0.48 0.21 0.09 NS 
(0.196) (0.058) (0.093) (0.062) (0.279) (0.116) (0.171) (0.056) (0.002) 
Figures in parenthesis are standard errors. 
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Table 6.9 Total amounts of carbon (C) and nutrient (N, P, Ca, Mg, K) in CWD 
com]2onents over 13 years of decay. 
Years of Logwood Log bark Intact side Total CWD % loss 
deca~ branches 
C (t ha'l) 
0 6.5 ± 0,07 2.0 ±0.04 2.7 ±0.03 11.2 ± 0.14 
1 5.3 ± 0.11 1.8 ± 0.02 2.8 ± 0.05 9.8 ± 0.18 12 
4 5.1 ± 0.03 1.6 ± 0.02 2.8 ±0.02 9.6 ±0.07 14 
9 3.1 ± 0.04 1.2 ± 0.02 2.5 ± 0.03 6.9 ± 0.10 39 
13 2.7 ± 0.06 0.9 ± 0.01 2.0 ±0.04 5.5 ±0.11 50 
N (kg ha'l) 
0 16.1 ± 2.44 30.7 ± 1.95 8.9 ± 1.05 55.6 ± 5.45 
13.8 ± 2.00 27.6 ± 3.67 10.5 ± 1.07 51.9 ± 6.74 7 
4 16.4 ± 1.87 21.8 ± 3.55 12.0 ± 1.01 50.2± 6.43 10 
9 11.0 ± 1.16 24.6± 0.22 10.9 ± 0.98 46.5 ± 2.36 16 
13 12.4 ± 2.14 19.5 ± 1.99 8.8 ± 1.69 40.6 ± 5.82 27 
P (kg ha'l) 
0 1.2 ± 0.09 4.4 ± 0.47 0.6 ±0.04 6.1 ± 0.61 
1.0 ± 0.20 2.6 ±0.50 0.8 ± 0.11 4.4 ± 0.80 27 
4 1.2 ± 0.11 1.3 ± 0.08 0.8 ± 0.06 3.3 ± 0.26 46 
9 0.8 ± 0.21 1.0 ± 0.65 0.7 ± 0.17 2.5 ± 0.46 59 
13 0.9 ±0.06 0.6 ±0.20 0.5 ± 0.05 2.1 ± 0.31 66 
Ca (kg ha") 
0 29.2 ± 0.94 22.0 ± 1.25 22.1 ± 0.41 73.3 ± 2.60 
I 24.0 ± 0.44 19.2 ± 1.07 21.9 ± 0.24 65.2 ± 1.75 11 
4 26.6 ± 1.00 16.1 ± 0.38 21.9 ± 0.54 64.6 ± 1.92 12 
9 17.7 ± 1.79 11.7 ± 0.64 21.6± 1.52 51.0 ± 3.95 30 
13 17.3±0.63 7.3 ± 0.19 16.6 ± 0.50 41.3 ± 1.31 44 
Mg (kg ha'l) 
0 4.4 ± 0.29 4.6 ± 0.32 2.7 ± 0.13 11.7 ± 0.74 
3.8 ± 0.22 5.0 ± 0.64 2.8 ± 0.12 11.6 ± 0.97 0 
4 3.9 ± 0.06 3.6 ± 0.48 3.0 ± 0.03 10.5 ± 0.27 10 
9 2.7 ± 0.69 3.5 ± 0.26 2.8 ± 0.59 9.0 ± 1.55 23 
13 2.4 ± 0.30 2.6 ± 0.20 2.4 ± 0.24 7.5 ± 0.74 36 
K (kg ha'l) 
0 22.1 ± 4.35 31.5 ± 3.42 4.8 ± 0.32 58.3 ± 8.09 
14.0 ± 4.07 22.6 ± 3.18 4.7 ± 0.36 41.3 ± 7.61 29 
4 7.8 ± 1.85 4.0 ± 0.38 2.4 ± 0.29 14.2 ± 2.52 76 
9 3.2 ± 1.36 2.6 ± 0.32 1.4 ± 0.30 7.3 ± 1.98 88 
13 1.3 ± 0.63 0.9 ± 0.31 0.9 ± 0.24 3.0 ± 1.19 95 
Standard errors are given. 
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decomposition period. Among the components side branch bark contained greatest Mg 
concentration (Figure 6.7). Potassium concentration decreased as decomposition progressed 
in all the components of CWD (Figure 6.7). Log bark had significantly greater K 
concentrations than other three components of CWD (log wood, side branch wood and side 
branch bark) (Table 6.8). The bottom log bark had lower concentrations of K than that of 
the middle and top portion bark during the initial 4 years of decomposition. The K 
concentration did not vary significantly among bottom, middle and top log wood 
throughout the decay period (Table 6.8). 
The total Ca, Mg, and Kin CWD declined from 73 to 41, 12 to 7 and 58 to 3 kg ha- l , 
respectively, during 13 years of decay (Table 6.9 and Figure 6.7), which represented losses 
of 44, 36 and 98%, respectively. While wood contained greater amounts of Ca through out 
the decomposition period, bark accounted for more stored Mg and K than wood and side 
branches during the first 4 years of decay. 
6.3.6 NMR analysis of CWD 
The spectra of composite samples of bottom wood, bottom bark, side branches wood and 
side branches bark for different times of decay are shown in Figures 6.9 to 6.l2_ The data 
on signal intensities for different shift regions are given in Table 6.13. In the early stages of 
decay, the relative intensities of spectra did not change much (Table 6.13; Figures 6.9 to 
6.12) either in log bark or log wood. However, as the decomposition proceeded the relative 
signal intensities of O-alkyl and acetal regions generally decreased, while the combined 
signal intensities of N-alkyl, aromatic and phenolic regions increased. The changes in 
signal intensities of alkyl and carboxyl regions were small and alkyl signal intensities 
decreased with time while those of carboxyl region increased with time. 
The combined signal intensity of acetal and O-alkyl C was greater in wood (log and side 
branch) compared to bark (wood and side branch) (Table 6.13). The phenolics signal 
intensity in bark (log and side branch) was greater than that of wood (log and side branch) 
through out the decay period (except for log bark after 13 years of decay). The combined 
signal intensity of N-alkyl, aromatic and phenolic regions was greater in log bark compared 
to log wood until 9 years of decay. The alkyl C showed little change with decomposition in 
log wood, side branch wood and side branch bark. However, the alkyl C concentration in 
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log bark was considerably greater than other components and it decreased with time. In all 
the components carboxyl C showed little change with decay. 
6.3.7 Statistical Analyses 
The results of the correlation analysis between % loss in density of bark (log and side 
branch) and wood (log and side branch) after 13 years of decay and their respective initial 
quality parameters are presented in Table 6.10. Reduction in density of bark (both log and 
side branch) was significantly correlated with polyphenol concentration and the C:N, 
C:Mg, and polyphenols:N ratios. The loss of wood density (both log and side branch) was 
significantly correlated with the C:P, C:K and lignin:P ratios. The density reduction in 
wood (log and side branches) was inversely correlated to lignin but directly correlated to 
carbohydrate (holocellulose) concentration albeit non-significantly. 
The linear, single and double exponential decay constants for CWD are given in Table 
6.11. The results indicated that, as expected, the labile component of CWD decomposed 
faster than the recalcitrant fraction. However, single exponential model fitted data better 
than the linear and double exponential model (higher R2). 
6.4 Discussion 
6.4.1 Volume, Mass and Area Covered by Logs 
There were wide variations in the volume of CWD in plots representing different years of 
decay. These can be attributed to the differences in the age at which the stands were 
thinned, stand density, and other management practices (e.g. clone or variety of plant 
material used). The stand density affects the volume by o:-estricting or promoting log 
diameter and number of branches. The time zero and one year decay plots were harvested 
at a relatively younger age (7 to 8 years) than the 4 to 13 year plots (11 to 13 years). 
Thinning operations in young stands reduce the inputs of CWD and short rotations keep the 
accumulation rate low (Spies et ai., 1988). The maximum log volume (sum of wood and 
bark) of 46 m3 ha-1 observed in the 4 year decay plots represents the lower end of the range 
(60 to 1189 m3 ha-1) reported for conifers by Harmon et ai. (1986). The volume reported in 
the present study is also lower than that reported by Spies et ai. (1988) (248 m3 ha-1 dead 
logs) for Douglas fir stands and those reported for Sugar pine (151 m3 ha-1) and Jeffrey 
pine (82.5 m3 ha-1) by Harmon et al., (1987). Total dead wood mass falls into the lower 
range of dead wood mass (10 to 511 t ha-1) reported for natural ecosystems by Harmon et 
Table 6.10 
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Correlation coefficients determined between initial litter quality parameters 
and % loss in density after 13 years. 
Bark (log and side branches) 
Polyphenols(mg/g) 
Holocellulose 
Lignin(%) 
q%) 
C:N 
C:P 
C:Ca 
C:Mg 
C:K 
Polyphenols:N 
Lignin:N 
Lignin:P 
HLQ 
Lignin:Cellulose 
Lignin:CHO 
* 
** 
NS 
Significant at 5% 
Significant at 1 % 
Not Significant 
-0.755 • 
-0.295 NS 
0.171 NS 
0.246 NS 
-0.716 • 
-0.359 NS 
-0.480 NS 
-0.770 • 
-0.658 NS 
-0.761 • 
-0.655 NS 
-0.290 NS 
-0.279 NS 
0.301 NS 
0.607 NS 
Wood (log and Side branches) 
0.039 NS 
0.176 NS 
-0.570 NS 
-0.014 NS 
-0.052 NS 
-0.795 • 
0.622 NS 
0.277 NS 
-0.827 •• 
0.016 NS 
-0.429 NS 
-0.794 • 
0.346 NS 
-0.544 NS 
-0.266 NS 
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ai., (1986). In comparison with other forests, the estimated area covered by CWD in the 
present study (Table 6.2) is much lower than those (14-25%) reported for Douglas fir forest 
in the northwestern United States and slightly higher than 1.6-2.0% measured in an oak 
forest of eastern United States (Harmon et ai., 1986). 
6.4.2 Density and Decomposition of Wood, Bark and Side Branch 
There was a significant decrease in log wood and log bark density with decomposition. 
Intact side branches also showed a decline in density but only after 4 years of decay. The 
density values reported in the present study are in range observed in other studies for 
conifer CWD. For example, Harmon et ai. (1987) reported mean density values of 0.35, 
0.51 and 0.63 g cm-3 for time zero wood, bark and side branches of white fir (Abies 
concolor) logs, respectively. The present values were much greater than the average 
density of 0.19 g cm-3 reported for Douglas fir logs by Spies et ai. (1988) but similar to 
those recorded by Preston et ai. (1998). Preston et ai., (1998) reported mean density values 
of 0.46, 0.39 and 0.46 g cm-3 for decay class I (undecomposed) logs of western red cedar, 
Douglas fir and western hemlock, respectively. The density values observed in the present 
study also compare well with those reported for non-conifer logs in temperate beech forests 
of New Zealand. Stewart and Burrows (1994) reported mean density values of 0.41 and 
0.55 g cm-3 for wood and bark, respectively, of southern beech logs in temperate forests of 
New Zealand. 
Among different components of CWD, log wood decomposed more rapidly than log bark, 
and intact side branch (Figure 6.4 and Table 6.11). The differences in decay oflog wood, 
log bark and intact side branches have been attributed to the combined influence of climate, 
substrate quality and dynamics of decomposer communities (Swift et ai., 1979). However, 
the extent of influence of each of these driving variables is difficult to determine. In the 
present study, since all the decay classes (years of decay) were located on the same forest 
that had (presumably) similar soil biota and similar climatic conditions, some general 
comments on the effects of substrate quality on decomposition of CWD can be made. The 
wood component of CWD contained greater concentrations of carbohydrate (holocellulose) 
and lower concentrations of polyphenols and lignin compared with bark and side branches. 
A higher carbohydrates concentration is known to enhance decomposition rate (Preston, 
1992). On the contrary, the presence of compounds such as tannins and lignin capable of 
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restricting microbial colonization can inhibit wood decomposition (Baldock et at., 1997). 
The results of correlation analyses for the present study support this hypothesis (Table 
6.10). Preferential degradation of carbohydrates (by brown rot fungi) with a concomitant 
increase in the concentration of aromatic compounds in CWD has been reported in many 
studies (Preston et at., 1990, Martinez et at., 1991, Baldock et ai., 1997; Preston et ai., 
1998). 
Bark decomposition did not occur until there was a considerable reduction in the 
polyphenol concentration which was probably due to leaching. The reduction in density of 
bark had a significant negative correlation with the polyphenols concentration (Table 6.10). 
It took at least 4 years to see any visible change in bark and colonization of 
microorganisms. These findings are consistent with those reported for other conifer species. 
For example, Harmon et ai. (1987) reported that white fir bark density did not change in the 
initial 20 years, it began to slough from logs only after 7-10 years and it probably took 109 
years for 95% decomposition of white fir bark. The slow decomposition of side branches 
observed in the present study is in agreement with the findings of Harmon et ai. (1987) who 
reported a very slow decay of side branches (77 years for 95% disappearance). 
The overall mass loss rates of wood, bark and side branches were much slower than fine 
(needle) litter (see Chapter 3). This can be attributed to a combination of the physical and 
chemical attributes of CWD. While nutrient availability could be relevant for wood and 
side branch decomposition the presence of inhibitory compounds such as polyphenols in 
greater concentrations could be important for bark decomposition. The slow decomposition 
of side branches could also be due to not all side branches being in contact with soil 
initially. Therefore, moisture constraint and less contact with microbial flora could also be 
the reasons for slow rate of decay of side branches. The impact of quality on CWD decay is 
evident from the results of correlation analysis (Table 6.10) which demonstrated that 
decomposition was sensitive to nutrient concentration as indicated by C:element, 
polyphenols to N, lignin:N, and lignin:P ratios and inhibitory compounds. 
6.4.3 Changes in Organic Compounds 
The concentration of water soluble carbohydrates and holocellulose decreased with time in 
wood, bark and side branches (Figure 6.5). This may be largely due to preferential 
degradation of carbohydrates in CWD by fungi (Kirk and Haghley, 1973; Preston, 1992). 
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Loss of carbohydrates might also be partly due to slow chemical autohydrolysis (Hedges et 
al.,1985). 
The concentration of lignin increased with decomposition in all CWD components (Table 
6.6; Figure 6.5). The persistence of lignin in the CWD may be due to several factors. These 
include resistance to decay of guaiacyl-based lignin in gymnosperms compared with the 
more readily decomposable syringyl based lignin of angiosperms, and the inhibitory effect 
of lack of moisture, and associated anaerobisis (inside wood) which restricts the oxidative 
decomposition of lignin by fungi (inside wood) (Preston et ai., 1990). Other possible 
causes may be the lack of sunlight at the forest floor which restricts photodegradation of 
lignin, nutrient limitations, and the presence of inhibitory chemicals (in case of bark) and 
lack of mechanisms for fragmentation and mixing with the soil (Preston, 1992). 
Polyphenol concentration declined with time in log bark, side branch wood and side branch 
bark (Table 6.5). This may be due to exposure to rain and consequently leaching. 
However, the polyphenol concentration in log wood decreased until 9 years and increased 
thereafter. It is interesting to note that lignin concentration in wood began to decrease after 
9 years of decay. Lignin is an aromatic polymer and its partial degradation in the absence of 
leaching (i.e.inside wood) might have resulted in an increase in the concentration of 
polyphenols. 
6.4.4 Changes in C Composition as revealed by NMR 
Carbon contained in different chemical structures is differentiated based on chemical shift 
values (horizontal axis) and each chemically distinct type of C has a characteristic chemical 
shift value (Wilson, 1987). The signal intensity (vertical axis) for a given chemical shift 
value, expressed as a fraction of total signal intensity acquired, represents the proportion of 
that type of C present in a sample (Preston et ai., 1990). There are limitations in the 
quantitative reliability of CPMAS spectra. It should be noted that peak heights do not 
accurately reflect the intensities of each type of carbon because peaks can vary in width and 
shape. Interference such as presence of magnetic materials or free radicals can drastically 
reduce Tl to the extent that nuclei are generally not observed. A carbon nucleus can only 
cross polarize with protons that are in close proximity, probably within 4 to 5 bond lengths, 
but C nuclei that are further removed from protons cannot undergo polarization and 
therefore will not be observed in the CP experiment (Snape et ai., 1989). Furthermore, the 
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Table 6.11 The linear, single and double exponential decay constants for log wood, log 
bark, intact side branches and total CWD. 
Double exponential Single exponential Linear regression 
#R~ kL kR #R2 K #R2 Constant b 
Wood 0.665 0.072 0.049 0.929 0.074 0.889 12.359 -0.573 
Std. error 0.007 0.007 0.01 0.728 0.100 
Bark 0.727 0.088 0.032 0.981 0.056 0.989 3.931 -0.160 
Std. error 0.008 0.009 0.003 0.062 0.009 
Side branches* 0.455 0.072 -0.006 0.809 0.015 0.774 5.898 -0.100 
Std. error 0.005 0.007 0.004 0.190 0.026 
Total CWD 0.704 0.072 0.026 0.957 0.053 0.947 22.189 -0.833 
Std. error 0.005 0.006 0.005 0.718 0.098 
# Between the estimated and the actual values. 
* with bark 
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Table 6.13 Relative proportions (%) of different forms of carbon in CWD components 
over 13 years as determined b~ l3C CPMAS NMR. 
Years of Carboxyls Phenolics Aromatic Acetals O-alkyl N-alkyl Alkyls 
deca~ 
Bottom log bark 
0 2.8 12.6 14.2 12.6 33.1 9.9 14.9 
3.6 15.5 15.1 15.9 29.3 9.6 11.1 
4 5.0 14.2 13.8 15.3 30.1 10.4 11.3 
9 3.4 17.1 18.2 15.4 29.1 9.0 7.8 
13 1.1 7.0 12.4 13.1 46.9 15.9 3.6 
Bottom log wood 
0 1.1 7.0 12.4 13.1 46.9 15.9 3.6 
1 1.8 7.2 13.6 12.4 46.3 16.1 2.5 
4 2.1 7.4 13.6 12.7 46.3 15.3 2.7 
9 3.4 9.8 16.0 10.6 35.6 16.8 7.8 
13 2.7 8.0 13.4 13.0 44.1 15.9 2.9 
Side branch bark 
0 4.4 9.9 10.3 15.3 37.0 11.6 11.5 
13 4.2 8.6 10.3 13.1 37.1 15.3 11.5 
Side branch wood 
0 1.6 7.3 12.5 13.0 46.3 16.3 3.0 
13 1.7 7.1 12.9 12.6 46.0 17.0 2.7 
rate at which magnetization is transferred from the proton to the carbon nucleus is a 
function of distance so that the C not directly bonded to hydrogen, such as substituted 
aromatic carbons and carbonyls, will require longer contact times than carbons such as 
methyl groups, which have abundant protons. Despite quantitative limitations it is 
appropriate to use NMR to compare intensity distribution and study structural features 
(Hopkins et ai., 1993; Preston, 1996; Skjemstad et ai., 1997). 
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The NMR spectra were interpreted based on previous studies of litter decomposition 
(Wilson et ai., 1983; Preston et ai., 1990; Hopkins et ai., 1993; Baldock and Preston, 1996; 
Hopkins and Chudek, 1997; Condron and Newman, 1998; Preston et ai., 1998; Parfitt and 
Newman, 2000). In this study the NMR spectra were used to complement proximate 
analysis. Figure 6.8 is a schematic representation of links between C compounds analysed 
by proximate analysis and different regions in the NMR spectra. The alkyl intensity comes 
mainly from surface waxes, cutins, and suberins. These compounds are resistant to 
decomposition and usually the changes in relative intensity at alkyl region are small and 
tend to increases for the highest decay class (Preston et ai., 1990; Preston, 1992; Preston et 
al., 1998; Lorenz et ai., 2000; Parfitt and Newman, 2000). In the present study the changes 
in alkyl intensity were small for all CWD components except log bark. In log bark alkyl 
signal intensities changed little during the first 4 years and decreased rapidly thereafter. The 
bark components are more exposed to vagaries of weather than any other components of 
CWD. The reductions in surface compounds (waxes, suberins and cutins) might have been 
due to leaching. In the past studies on CWD decomposition, bark component has not been 
separately studied and NMR spectra has been reported for the mixtures of wood and bark. 
Since bark forms a minor fraction of total CWD in mature logs, the contribution of bark to 
alkyl signal intensities in these studies might not have been captured adequately. The 
dominance of wood (in samples) must have resulted in a small increase in alkyl signal 
intensity. Even in the present study wood samples registered a very small change in alkyl 
signal intensity. Reductions in the relative signal intensity in the alkyl region in all the 
spectra indicates a reduction in the amount of long chain polymethylene material (Baldock 
and Preston, 1995). 
TotalC 
Proximate analysis 
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""~-h(..~ / .. --......... 
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/ 
VV 
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Figure 6.8 
... 
Schematic representation of link between proximate analysis and 
functional groups determined by NMR. 
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The signals in the carboxyl regions are assigned to esters, amides, aldehydes, ketones, 
quinones, organic acids and microbial metabolites. The small increase in carboxyl C signal 
intensity might be due to increased oxidation of organic (aliphatic and aromatic) molecules 
(Baldock and Preston, 1995) and increase in microbial metaboilites with decomposition. 
These patterns are consistent with the results of the proximate analysis for all the CWD 
components, which indicated a decrease in carbohydrate concentrations with concomitant 
increase in lignin concentration (Tables 6.6 and 6.13; Figure 6.5). The NMR spectra was 
not only complementary to the proximate analysis, but it also revealed more information on 
the C chemistry. It was possible to study changes in C compound concentrations which 
were not covered by wet chemistry namely, waxes, cutins, fatty acids, organic acids, 
aldehydes, ketones and C of secondary origin. Thus, despite its quantitative limitations, 
NMR can be a very useful technique for use in decomposition studies. 
6.4.5 Modelling Decomposition of CWD 
The single exponential model was as good as the linear model and both fitted the data better 
than the double exponential model (Table 6.11). The assumption underlying the single 
exponential model or linear model is that the relative decomposition rate remains constant. 
This implies that the model treats CWD as a homogenous substrate. The dominance of 
insoluble compounds in CWD coupled with the physical constraints (moisture availability, 
aeration inside wood, size of wood) may have resulted in a constant slow rate of 
decomposition. This explains why single exponential model was a better fit than double 
exponential model. The single exponential decay model predicted that the half-life of 
wood, bark and side branches were 9.75, 12.25 and 46.25 years, respectively. The single 
exponential model also estimated that it took 13.25 years for the total CWD to lose 50% of 
its mass. Similar observations have been reported in studies on conifer CWD 
decomposition. For example, Harmon et ai. (1987) reported that white fir wood decayed 
faster (k = 0.050 year-I) than side branches (k= 0.039 year-I) and bark (k =0.027 year-I). In 
the present study, side branches (k = 0.015 year-I), which contained more lignin and 
exposed to less favourable microclimate decomposed more slowly than wood (k=0.074) 
and bark (k = 0.056) (Table 6.11, single exponential decay constant for side branches was 
smaller than that of wood). 
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6.4.6 Carbon and Nutrient Dynamics 
The C concentration was about 50% in all the components and it did not change during 
decomposition (Table 6.6; Figure 6.6). Similar results have been reported by others (Foster 
and Lang 1982; Lambert et ai., 1980). With the exception of K, nutrient concentrations in 
wood and side branches increased with decay. The concentrations ofP, Ca and K decreased 
in nutrient rich bark with decomposition (Figures 6.6 and 6.7). The increase in nutrient 
concentration in CWD has been observed in many studies and might reflect additions from 
a variety of possible sources such as throughfall, litter fall, translocation by fungal hyphae, 
root colonization and microbial immobilization (SoIlins et ai., 1980; Arthur and Fahey, 
1990; Alban and Pastor, 1993; Preston et ai., 1998). Loss of nutrients observed in bark 
might be either due to leaching (when exposed to rain) or microbial release as the C: 
element ratio in bark was much narrower than those observed for wood and side branches 
(Table 6.12). Potassium is a highly mobile element and its loss is usually greater than mass 
loss. The decrease in K concentration can be largely attributed to the leaching process 
(Alban and Pastor, 1993; Preston et ai., 1998; Krankina et ai., 1999). 
The results of the present study indicated that nutrient storage in CWD declined with time 
(Table 6.9; Figures 6.6 and 6.7), although concentrations of most nutrients increased with 
decay. These results contrast with the findings of some past studies on nutrient dynamics of 
CWD which have indicated significant increase in the net nutrient content of CWD with 
time (Sollins et ai., 1987; Arthur and Fahey, 1990; Alban and Pastor, 1993; Busse, 1994). 
The only element that consistently showed a decrease in stores in past chronosequence 
studies was K, an element known to be highly mobile (Preston et ai., 1998). Substrate 
properties may help explain why the results of the present study differed from those of 
other studies mentioned above. The thinning slash is relatively young (mean diameter 
ranged from 12 to 18 cm) and the proportion of bark in young trees is higher than that of 
large logs. The C: element ratios in bark are much lower than those of wood and side 
branches (Table 6.12). Sloughing of bark early in the process of decay (4 years) may 
contribute to the early nutrient release. Results presented in Table 6.9 suggest that much of 
the N, P, and Ca released from decomposing CWD came from the reduction in those 
nutrient stocks in bark components. Certain environmental conditions may contribute to the 
rapid loss of nutrients from logs as well. Adequate and even distribution of precipitation, 
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Table 6.12 Selected litter quality parameters of CWD components over 13 years of 
deca~. 
Years of C:N C:P C:Ca 
Decay 
Log Side Branches Log Side Branches Log Side Branches 
Wood Bark Wood Bark Wood Bark Wood Bark Wood Bark Wood Bark 
0 462 85 397 100 5555 518 10189 837 223 92 153 44 
(48) (6) (28) (5) (400) (44) (1400) (54) (8) (6) (18) (3) 
419 77 376 72 6133 770 4907 911 220 95 156 48 
(63) (9) (13) (2) (1452) (133) (451) (64) (7) (7) (5) (3) 
4 347 79 349 57 4676 1293 4213 1231 198 102 155 49 
(39) (11) (29) (4) (618) (76) (221) (55) (9) (3) (5) (5) 
9 323 50 341 60 5672 1208 4047 1685 177 105 134 55 
(76) (7) (28) (6) (2470) (76) (410) (45) (14) (12) (9) (4) 
13 250 47 331 58 3285 1586 3879 2760 159 118 129 75 
(42) (8) (34) (4) (318) (484) (223) (512) (9) (5) (9) (8) 
C:K C:Mg Lignin:N 
Log Side Branches Log Side Branches Log Side Branches 
Wood Bark Wood Bark Wood Bark Wood Bark Wood Bark Wood Bark 
0 339 97 823 151 1507 515 1303 326 273 84 350 77 
(52) (13) (76) (11) (116) (55) (91) (32) (38) (4) (12) (5) 
482 112 870 155 1406 429 1328 296 255 89 377 61 
(95) (16) (77) (14) (87) (70) (72) (34) (40) (14) (13) (5) 
4 923 418 1331 537 1312 480 1270 276 257 96 357 49 
(185) (44) (270) (34) (27) (78) (21) (25) (36) (15) (13) (3) 
9 5569 642 2007 824 1589 364 1210 270 250 67 357 58 
(4833) (25) (599) (32) (888) (52) (170) (12) (55) (8) (25) (10) 
13 3952 115S 2165 S102 1160 347 1113 252 187 58 393 S8 
(1762) (325) (686) (540) (139) (49) (101) (14) (30) (6) (15) (13) 
Lignin:P Polyphenols:N 
Log Side Branches Log Side Branches 
Wood Bark Wood Bark Wood Bark Wood Bark 
0 3301 S05 8990 641 5.37 14.92 4.60 4.04 
(31S) (30) (315) (44) (1.68) ( 1.69) (1.28) (1.12) 
3744 888 4917 772 5.06 8.99 4.12 2.60 
(883) (190) (883) (4S) (0.96) (2.37) (1.06) (0.57) 
4 3453 1574 4308 10Sl 4.11 6.56 3.80 1.75 
(426) (172) (426) (lIS) (1.16) (1.43) (0.76) (0.58) 
9 4437 1601 4233 1625 7.73 2.32 3.74 1.44 
(2216) (119) (541) (14S) (1.41) (0.40) (0.34) (0.65) 
13 2442 1935 4608 2760 7.93 1.26 3.33 0.88 
(229) (S83) (617) (221) (1.64) (0.39) (0.64) (0.15) 
Figures in parenthesis are standard errors. 
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frost-free winters, and warm summers facilitate leaching and nutrient release, while long 
winters, cool summers and poor aeration may slow down some of the processes that 
contribute to nutrient immobilization and input, such as growth of fungi and bacteria, root 
colonization, and atmospheric N fixation (Krankina et ai., 1999). The study area meets all 
these conditions except frost free winters. It can be observed from Figure 6.13 that the 
study area receives rainfall through out the year and temperature is generally well above the 
freezing point. These conditions facilitate nutrient release. Abundant moisture promotes the 
growth of mosses that often cover logs and may playa role in nutrient loss, especially for 
conifer logs (Krankina et ai., 1999). Sporocarp production from fungi growing on CWD is 
quite common in temperate forests of New Zealand and may also cause some of the 
observed nutrient losses (Clinton et ai., 1999). Insect activity may be another factor that 
contributes to nutrient release (Edmonds and Eglitis, 1989). 
Though there was a net release of nutrients from decomposing CWD, the rate of release of 
nutrients (except K) was very slow. Even after 13 years of decay the logs still had a 
considerable quantity of nutrients. Thus, the slow release of nutrients from decaying CWD 
might help conserve nutrients against loss due to leaching and may contribute to long term 
nutrient demand by radiata pine. The slow release of nutrients might be preferable 
(compared to net fixation in natural forests) in long-term forest management. 
6.5 Conclusions 
In this chronosequence study an attempt was made to determine the quantity of CWD 
arising from thinning slash and its decomposition in a radiata pine plantation forest. The 
quantity of CWD was lower than that reported for natural conifer forests in the northern 
hemisphere. The CWD decomposed faster than the woody detritus found in natural conifer 
forests. Among the components of CWD, log wood decomposed relatively faster than bark, 
which in turn decomposed faster than side branches. The decomposition rates of individual 
components was clearly related to the substrate quality. Faster decomposition rates 
observed for log wood was attributed to greater concentration of carbohydrates found in the 
wood component. The decomposition of bark was controlled by the concentration of 
inhibitory compounds such as polyphenols. The decomposition of bark did not occur until 
there was a substantial decrease in polyphenol concentration. The greater lignin 
concentration compared to log wood together with lower nutrient availability were the 
major reasons for the slower decomposition of side branches. 
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Contrary to the findings of other studies carried out on CWD in natural forests, in this study 
a net release of nutrients was observed from the decomposing thinning slash. The thinning 
slash was young and the bark component formed a significant proportion of the total CWD. 
The bark component is rich in nutrients and during the 13 years of decomposition this 
component released nutrients rapidly once the concentration of inhibitory compounds 
(polyphenols) was reduced. 
However, the rate of decomposition and nutrient release from CWD was slow compared to 
that of fine litter (see chapter 3 and 4). This slow decomposition and the slow release of 
nutrients from CWD makes it an important long-term source of nutrients and C sink. 
During the 13 years of decay half of the total C contained in the CWD was released 
(presumably) into the soil. This might contribute to the build up of soil organic matter, thus 
sustaining the productivity of forest soils. Therefore, the management of CWD in plantation 
forests may well hold a key to regulate and synchronize the nutrient supply to subsequent 
crops. Further work is needed to model the long term C build up in forest soils to 
understand the implications of CWD decomposition for forest soil productivity. Thus, from 
the results of this study it is evident that management (allowing CWD to decompose rather 
than disposing off) of CWD is very important to achieve long term sustainability of 
plantation forests. 
223 
Chapter 7 
Summary, General Discussion and Recommendations for Future Work 
7.1 Summary and General Discussion 
In New Zealand the area under plantation forestry (mainly radiata pine) is currently 1.7 
million hectares (7% of total land area) and is increasing at a rate of 50,000 ha per annum. 
Most wood produced from exotic plantation forests in New Zealand is exported as timber, 
paper products and logs. The fast growth rates of radiata pine in New Zealand and the short 
rotation length (20-35 years) means that over the long-term significant amounts of nutrients 
are removed in harvested biomass. This together with the effects of forest management on 
soil physical properties and levels of soil organic matter means that the processes which are 
most likely to determine the long-term sustainability of plantation forestry need to be fully 
understood. The nutrient and energy supplying ability of soil is a major determinant of the 
overall health of forest ecosystems. The main objectives of this study were to examine the 
influence of litter and coarse woody debris quality on decomposition and nutrient release 
and thereby improve understanding of their role in maintaining soil productivity under 
radiata pine. 
The maintenance of primary production of forests is dependent upon the replenishment of 
the pool of available nutrients and soil organic matter to balance the nutrient uptake by 
plants and subsequent removal in harvested biomass. In forest ecosystems a major portion 
(60 to 70%) of nutrients taken up annually into the aboveground components of trees is 
returned to soil in litterfall, stemflow and throughfall. In addition, litter and woody 
materials added to forest floor constitutes a substantial fraction of the energy and C fixed in 
forests. Organic materials must undergo decomposition to release associated nutrients. It 
was clearly established in Chapter 2 that litter quality (as determined by organicC 
chemistry and nutrient content), environmental variables (e.g. climatic and soil conditions) 
and decomposer communities (biota) are the three main factors that regulate 
decomposition. However, at a local scale environmental conditions and biota are generally 
similar, and litter quality is the major factor that regulates decomposition in forest 
ecosystems. Therefore it is essential to quantitatively determine the effect of substrate 
quality on the decomposition rate of different litter and woody materials to improve 
understanding of energy and nutrient dynamics in plantation forestry. 
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It also was clear from the literature that the forest floor under radiata pine in New Zealand 
will contain a mixture of litter materials of various origins. The major primary litter 
materials include green needles, senescent needles, plant reproductive parts (e.g cones), 
coarse and fine roots and understorey debris. Management practices such as thinning and 
pruning will also add considerable amounts of litter and woody debris to the forest floor, 
while litter and woody debris will be left behind after harvesting. In addition, the forest 
floor is a major source of dissolved organic matter (C and associated nutrients) which is 
transferred to mineral soil by leaching. The dissolved organic matter may be a major 
regulating factor in soil formation and may play an important role in nutrient cycling in 
forest soils. 
The individual chapters of this thesis were dedicated to describe the effects of quality on 
decomposition and nutrient release processes associated with selected litter and woody 
debris materials. The contribution of roots to energy and nutrient dynamics was not 
examined in the present study due to time and resource constraints. Nevertheless, its 
importance in nutrient cycling in forest ecosystems was described and discussed in Chapter 
2. 
Results presented in Chapter 3 clearly demonstrated that green needles were qualitatively 
different from senescent needles. The microcosm experiment confirmed that green needles 
decomposed at a faster rate than senescent needles and that decomposition rate was largely 
controlled by litter quality under similar environmental and biotic conditions. The 
concentrations of lignin, Nand holocellulose to lignocellulose quotient (HLQ) were the 
quality attributes that explained most of the variability in mass loss of green and senescent 
needles. Surprisingly, the mixing of green with senescent needles or layering of green over 
senescent needles in microcosms did not influence the decomposition rate of senescent 
needles. This indicated that there were no synergistic effects of rapid decomposition of 
green needles on senescent needles. The lack of interaction between green and senescent 
needles suggested that the addition of green needles to the forest floor will have little long-
term consequence on the overall rate of nutrient turnover. The lack of interaction between 
green and senescent needles might have been due to differences in decomposer 
communities involved in their breakdown and difficulties associated with separating green 
225 
and senescent needles in the microcosm experiment (after 2 months of decay it was difficult 
to distinguish green and senescent needle material). Nonetheless, the addition of green 
needles might have short-term implications for nutrient turnover rates in forest floor as 
green needles decomposed and released nutrients much more rapidly than senescent 
needles. Mass loss data obtained from the companion field experiment, which involved 
determining decomposition rates of green needles at Eyrewell forest over 10 months, 
confirmed the mass loss trends obtained in the microcosm experiment. Thus extrapolation 
of information generated in microcosm experiment to the field conditions was appropriate 
in the present study. In addition, the hypothesis that litter quality might deteriorate over 3 
successive rotations of radiata pine was also examined in the field although no consistent 
relationship between litter quality and stand rotation was observed (Appendix 1). 
Results from a microcosm experiment which examined the understorey and senescent pine 
needle litter decomposition were discussed in Chapter 4. These showed that pine needles 
decomposed at a much faster rate than the understorey litters examined (bracken, gorse, 
broom and lotus). Once again, litter quality was found to be the major driving force that 
determined decomposition under controlled conditions (especially environment and biota). 
In this experiment nutrient availability was as important as availability of C for 
decomposition. Senescent pine needles, which contained adequate quantities of nutrients (in 
relation to nutritional demand of decomposers), decomposed faster than understorey litter. 
The greater mass loss observed for senescent needles was due to greater loss of both labile 
(non-lignin) and recalcitrant (lignin) fractions. It has been reported from a number of 
studies that labile fraction degradation occurs during the initial stages of decomposition and 
is largely controlled by nutrient availability (Prescott et al., 1993). Pine needles contained 
adequate concentrations of nutrients compared to understorey litter and hence there was a 
greater degradation of the labile fraction in pine needles. It was evident from the results that 
the availability of N alone did not significantly alter decomposition of legume litter (gorse, 
broom and lotus) which recorded lower labile fraction loss than pine needles. On the other 
hand, availability of nutrients in an appropriate proportion (in relation to decomposer 
needs) was important for the decomposition to proceed. The availability of cations 
(especially K) was a critical factor, which appeared to influence the rate of decomposition 
of pine needles and understorey litter. 
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Senescent pine needles also recorded greater recalcitrant component (lignin) degradation 
compared to understorey litter. The degradation of the recalcitrant fraction usually occurs 
once all the labile fraction is exhausted and is mainly controlled by a combination of factors 
including initial N concentration, availability of Ca and the presence of easily degradable 
compounds such as carbohydrates. A high initial N concentration results in the formation of 
stable complexes of Nand polyphenols or lignin that are resistant to decomposition. 
Calcium offers protection to fungi degrading lignin in the acid environment usually 
encountered in conifer forests and carbohydrates provide an easily available form of energy 
to fungi. The understorey litters were high in initial N and low in Ca and soluble 
carbohydrates compared with pine needle litter. This combination contributed to the lower 
mass loss-observed for understorey litter compared with senescent pine needles. This was 
confirmed by multiple regression analysis. While C:Ca explained most of the variability in 
senescent pine needle mass loss, polyphenols:N (indicating formation of stable complexes) 
was the single most important quality index which explained most of the mass loss of 
gorse, broom and lotus understorey litter. Bracken litter decomposition did not appear to be 
affected by stable complex formation but was limited by poor C quality. Evidently the most 
important variable for bracken litter decomposition as revealed by multiple regression 
analysis was HLQ. 
Interesting insights into the decomposition process were obtained from the results obtained 
from mixed pine needle and understorey litter included in the microcosm experiment 
described in Chapter 4. The mixing of pine needles with understorey litter resulted in a 
reduction in the rate of pine needle decomposition but increased the decomposition rates of 
most understorey litters. The reduction in pine needle decomposition was most significant 
when mixed with broom and lotus. This could have been due to a combination of factors. 
The degradation of labile (non-lignin) and recalcitrant (lignin) fractions was much lower in 
pine needles mixed with broom and lotus compared to pure pine needles. This could have 
been due to lower N, Mg and K concentrations in pine needles mixed with broom and lotus 
litter. The reduced degradation of the recalcitrant fraction in pine needles mixed with lotus 
and broom could also have been due to a combination of lower Ca concentration and higher 
lignin:soluble carbohydrates ratio in mixed pine needles compared to that of pine needles 
alone. 
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All the understorey litters mixed with pine (except bracken) showed an increase in 
decomposition compared with understorey litter alone. This may have been largely due to 
increased availability of K to decomposers in presence of pine needles. For example, the 
concentration of K could explain more than 90% of variation in mixed broom litter mass 
loss. There were significant interactions between pine and understorey litter types with 
respect to nutrient dynamics and these interactions explained the variability in the mass loss 
pattern of mixed litters. While import of nutrients (especially Mg and K) from pine needles 
resulted in increased decomposition of understorey litter (except bracken), reduction in 
nutrient concentration of mixed pine needles resulted in a lower decomposition rates 
compared to pine needles alone. Thus, in mixed treatments pine needles acted as a source 
of cations while understorey litters were nutrient sinks. This was an important finding, 
which might be partly due to the fact that the experiment was carried out under controlled 
conditions. Under field conditions, stemflow and canopy leaching are the important 
pathways of cations transfer to the forest floor. This did not occur in microcosms and hence 
understorey litters, which were poor in K, decomposed at a much lower rate compared to 
pine needles. 
Comparison between mass loss results of senescent pine needle litter decomposition in 
Chapter 3 and Chapter 4 indicated that a combination of chemical and physical 
characteristics may have influenced decomposition. The decomposition rate of senescent 
needles in Chapter 3 was much lower than that of Chapter 4. Senescent litter collected from 
the forest floor was used in the experiment described in Chapter 3, while freshly fallen 
senescent needles collected from Eyrewell Forests was used for the experiment described in 
Chapter 4. Furthermore, in Chapter 3 senescent needles were used in the natural form 
(approximate length 10 - 15 cm), while in Chapter 4 the senescent needles were cut to a 
smaller size (2 cm) to match the understorey litter materials. These differences could have 
resulted in different rates of decomposition for senescent pine needles. The results of pine 
and understorey experiment suggested that short-term implications of pine and understorey 
litter mixing for nutrient availability can be negative as nutrient release rates from mixture 
treatments were much lower than for separate litter types. However, this conservation of 
nutrients may be beneficial to tree growth in the long-term. 
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In Chapter 5 the inhibitory effects of polyphenols on the biodegradability of DOC was 
examined. The results confirmed that polyphenols inhibit decomposition. Furthermore, the 
stage of decomposition also influences the quality of DOC. The aqueous extract from the L 
layer decomposed at a much faster rate compared to the corresponding FH layer extract for 
a given level of polyphenol concentration. In addition to polyphenols, the biodegradability 
of DOC depended upon presence of other C compounds such as carbohydrates, lignin 
monomers and microbial metabolites. The information obtained from l3C NMR spectra of 
freeze dried aqueous Land FH extracts clearly showed that the L extract material contained 
less lignin monomers substances than PH extract material. Furthermore, the concentration 
of O-alkyl C, which represents carbohydrates, was greater in L extract than PH extract. 
Thus, the NMR data were helpful in explaining the greater biodegradability of L extract 
(DOC). The l3C NMR spectra provided a valuable additional insights into the C chemistry 
of the extracts. The complete characterization of C in L and PH aqueous extracts could not 
be carried out by chemical analyses due to non-availability of suitable analytical methods 
but information obtained from the NMR spectra highlighted the qualitative differences 
between the two extracts. The spectra of aqueous extract of PH contained greater 
concentration of aromatic and carboxyl compounds, which are resistant to decomposition, 
than L aqueous extract. This is consistent with the observation that PH extract degraded at a 
slower rate compared to L extract. 
The decomposition of thinning slash woody debris was reported in Chapter 6. The study 
areas used for collecting woody debris after between 0 and 13 years of decay were located 
within different stands of radiata pine at Eyrewell Forest on similar soils. Detailed forest 
company records of stand management were used to select appropriate sites for the study, 
which presented an ideal opportunity to study changes in C composition and nutrient 
concentration in woody debris during decomposition. Furthermore, the decomposition of 
individual debris components (log wood, log bark and side branches (with bark» was 
related to changes in their quality as determined by organic C chemistry and nutrient 
concentrations. Among the components, side branches (with bark) registered the slowest 
rate of decay and log wood showed the highest rate of decay. The decomposition of 
individual components was clearly related to their quality. Log wood contained the highest 
concentrations of readily available C sources such as carbohydrates and hence decomposed 
at a faster rate than other components. Although log bark was nutrient rich it decomposed at 
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a much slower rate than log wood. The major reason for slower decomposition of bark was 
the higher concentration of inhibitory compounds such as polyphenols. The decomposition 
of bark was negligible until polyphenol concentrations decreased after four years of decay. 
The side branch (with bark) component of woody debris contained greater concentrations 
of lignin compared to log wood component. This, coupled with lower nutrient 
concentrations and unfavorable microclimate (not all side branch were in contact with 
forest floor /soil), resulted in the lowest rate of decay for side branch among CWD 
components. 
Qualitative changes in C compounds in selected woody debris components were also 
examined using BC NMR. The results obtained were complementary to results obtained 
from proximate analyses. For example, proximate analysis showed that log wood was rich 
in polysaccharides while log bark was rich in polyphenols and lignin. During 
decomposition the concentration of polysaccharides decreased in all components while that 
of lignin increased. The information obtained from BC NMR analysis clearly supported 
these findings. Thus the combined signal intensity of O-alkyl C and acetal C regions, which 
represent polysaccharides, was greater in log wood compared to log bark. Furthermore, the 
combined signal intensity of O-alkyl and acetal C decreased with time confirming the 
results of proximate analysis with indicated decreases in carbohydrate concentration with 
time. The higher phenolic C signal intensity in log bark compared to log wood and side 
branches was again a confirmation of greater polyphenol concentrations in log bark as 
reported by proximate analyses. The combined signal intensities of N-alkyl, aromatic and 
phenolic C (corresponds to lignin concentration in proximate analyses) increased with 
decay, again confirming the results obtained from proximate analysis. The study was also 
unique in the sense that separate BC NMR spectra were obtained for individual woody 
debris components. 
The results of the woody debris decomposition study suggested that volume and mass of 
thinning slash in plantation forests was much lower than natural conifer forests due to the 
young age of the thinned material. Contrary to the results of previous studies (Sollins et al., 
1987; Arthur and Fahey, 1990; Alban and Pastor, 1993; Busse, 1994) on the nutrient 
storage in woody debris in natural conifer forests which reported a net immobilization of 
nutrients during decomposition, net mineralization of most nutrients (except K) was 
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observed in the present study. This was largely attributed to the relatively higher 
proportions of bark component in thinning slash, reflecting the small size of material of 
much of the literature. In fact, a major proportion of nutrients released was from 
decomposing bark which accounted for approximately 30% of total log mass. However, the 
overall rate of nutrient release from the woody debris materials was slow which may in tum 
have implications for soil organic matter levels and dynamics and supply of nutrients to 
successive stands of radiata pine. 
The overall decomposition rate of woody debris was much slower than needle litter on the 
forest floor. It was possible to demonstrate using single exponential decay function that the 
half-life of total woody debris at Eyrewell was approximately 14 years compared to 
approximately 2 years (assuming rate of decomposition in field is 3 times slower than that 
in microcosms) for senescent pine needles. This was attributed to physical attributes 
(volume) of woody debris, wider C : element ratios, unfavorable microclimate (in case of 
side branches) and greater concentrations of inhibitory compounds such as polyphenols. 
Results also indicated that thinning slash could act as a C sink for at least 5-6 decades 
(based on 14 years exponential half-life). This might have implications for alleviating 
global warming as C in woody debris is effectively fixed for decades and thus help to bring 
down CO2 levels in atmosphere. Such a strategy would further increase C storage due to 
feedback from N immobilization in decaying wood. Therefore, the management of woody 
debris is important to maintain the long-term productive capacity of forest soils. 
The results obtained in the different component experiments of this study provided a 
valuable insight into the processes that sustain soil heahh in forest ecosystems. The 
hypothesis that litter quality is the major regulating factor under controlled environmental 
and biotic conditions was supported by the results obtained. Furthermore, using single and 
double exponential models it was possible to clearly demonstrate that litter and woody 
debris are composite materials consisting of different C compounds which decompose at 
different rates. Thus, the overall mass loss of a given material is determined by the relative 
distribution of individual C compounds and nutrients that decompose at different rates. 
Therefore, it is essential to have a good understanding of the quality of a given litter or 
woody material to estimate its decomposition and nutrient release. 
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The major objective of the research presented in this thesis has been to find ways of 
predicting the rate of litter decomposition and associated nutrient release. The results 
described in Chapter 3 indicated that lignin, Nand HLQ were good indicators of 
decomposition of green and senescent needles. Chapter 4 results indicated that nutrient 
availability as indicated by nutrient concentrations or as different ratios such as 
polyphenol:N, lignin:N, C: element (N, Ca, Mg and K) ratios and C quality as expressed by 
HLQ, lignin: carbohydrates (soluble and holocellulose) were important for predicting 
decomposition rates of senescent pine needles and understorey litter. In Chapter 6 it was 
apparent that concentrations of polyphenols, lignin and holocellulose were the best 
indicators of woody debris decomposition. The rate regulating effects of polyphenols on 
biodegradability of DOC was confirmed in Chapter 5. In addition, the importance of 
recalcitrant C containing substances and microbial metabolites were also indicated by the 
results of the DOC biodegradability experiment. Overall, the findings of Chapter 5 
demonstrated that if Land FH leachates get into mineral soil, although there is some 
biodegradation, a portion of DOC could be retained in soil due to its recalcitrant nature and 
may become incorporated into soil depending upon its chemistry. 
The results of the present study contribute to improving our understanding of the role of 
litter and woody debris in maintaining the short-term as well as long-term fertility of soils 
under radiata pine. The addition of green needles to forest floor might have implications for 
immediate availability of nutrients. The mixing of pine and understorey litter can have long 
term implications for soil fertility in plantation forests. The results of the DOC experiment 
demonstrated that a significant portion of DOC could be retained in soil due to its 
recalcitrant nature and may become incorporated into the soil organic matter. The 
decomposition of woody debris can yield a steady flow of nutrients over many years. The 
woody debris in plantation forests can also act as a long-term sink for C, which may help in 
moderating global warming. 
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7.2 Recommendations for Future Work 
Based on the findings of the body of work presented in this thesis, the following are several 
topics which could be investigated in the future to further improve understanding of litter 
and woody debris decomposition and associated nutrient release in radiata pine plantation 
forests: 
• the precise nature of interactions between green and senescent needle materials 
during decomposition especially under field conditions; 
• the effect of green needle addition on understorey litter decomposition and nutrient 
release on longer term; 
• further research on the implications of the impact of understorey species on litter 
breakdown under field conditions; 
• longer-term changes in quality of woody debris and associated nutrient release (as the 
present study covered only the initial 13 years of decay); 
• integration of data from decomposition nutrient release studies of various litter and 
woody debris components using appropriate models (e.g. Century, Rothamsted); 
• dynamics and decomposition of tree and understorey roots and associated nutrient 
release; 
• the role of dissolved organic carbon and associated nutrients in litter decomposition 
and soil organic matter and nutrient dynamics. 
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Appendix 1 
Effects of Successive Rotations of Radiata Pine on Needle Litter Quality 
Objective: to investigate the effects of 3 successive radiata pine rotations on litter quality. 
Materials and Methods 
The first, second and third rotation radiata pine stands were identified to collect needle litter 
during peak litter fall season (March to June). The second and third rotation stands were 
located in Eyrewell Forests (section 3.2.1) and first rotation stand was located in forest 
owned by Wamakariri District Council, near Eyrewell Forests. For each rotation three 
sampling plots were identified and 5 meters long by 2 meters wide nylon mesh of 0.1 mm 
size was used to trap litter. The nylon mesh was spread on the forest floor firmly fixed by 
using iron pegs just before the peak litter fall. Once the peak litter fall season was over leaf 
litter collected on trap was transferred to a plastic bag for further processing. 
In laboratory the litter samples were dried at room temperature (20DC). Air dried samples 
were later ground to 1 mm particle size in a cyclone mill fitted with a stainless steel screen 
and analysed for soluble carbohydrates, polyphenols, cellulose, hemicellulose, 
holocellulose (sum of cellulose and hemicellulose), lignin, total C, total N, P, Ca, Mg, and 
K using the methods described in section 3.2.1. 
Results 
The results of chemical analyses are presented in Appendix 1.1 and 1.2. The litter quality 
data indicated that successive stand rotations did not differ significantly in their polyphenol, 
lignin, total C concentrations, and Ca, Mg, K, C:Ca, C:K ratios. Second and third rotation 
needles did not differ significantly in soluble carbohydrates, holocellulose, N 
concentrations and C:N, C:P, Lignin:N, Polyphenols:N, Lignin:Cellulose ratios. Therefore, 
the lack of consistent differences among successive rotations indicated that the rotations 
effect on litter quality may be non significant. 
Appendix 1.1 Conentration (mg g-l) of C compounds and nutrients in first, second and third rotation radaita pine needles. 
Soluble Polyphenols Holocellulose Lignin C N P Ca Mg K 
Carboh:ydrates 
Rotation 1 45.6 20.8 173.1 436.3 497.2 7.1 0.6 8.1 1.1 1.2 
(0.19) (0.27) (17.62) (17.20) (4.48) (0.02) «0.01) (0.09) (0.02) (0.07) 
Rotation 2 44.2 20.8 251.6 394.8 502.6 5.3 0.7 8.9 1.3 1.7 
(1.33) (1.19) (7.67) 06.67) (3.86) (0.16) «0.01) (0.51) (0.06) (0.33) 
Rotation 3 40.6 22.8 219.4 400.1 508.6 5.4 0.7 6.8 1.2 0.9 
(0.82) (0.25) (7.49) (4.47) (4.45) (0.05) (0.03) (0.96) (0.08) (0.32) 
LSD(0.05) 3.15 NS 41.21 NS NS 0.35 0.07 NS NS NS 
Figures given in parenthesis are standard errors. 
Appendix 1.2 Some selected guality Earameters. 
C:N C:P C:Ca C:Mg C:K Lignin:N Lignin:P Polypheno1s:N Lignin:Cellulose HLQ 
Rotation 1 69.9 829.5 61.7 453.8 430.2 61.4 727.9 2.9 3.3 0.3 
(2.8) (7.3) (7.1) (9.2) (25.8) (2.6) (28.6) (0.04) (0.47) (0.03) 
Rotation 2 95.5 718.8 56.7 401.2 322.0 75.2 564.6 4.0 2.2 0.4 
(2.8) 01.0) (3.4) (20.4) (56.6) (5.2) (23.7) (0.26) (0.05) (0.01) 
Rotation 3 94.1 697.3 79.1 422.8 820.5 74.0 548.4 4.2 2.2 0.4 
(1.2) (29.2) (12.9) (25.5) (413.8) (1.5) (22.6) (0.06) (0.07) (0.01) 
LSD (0.05) 6.09 58.45 NS NS NS 12.02 0.54 0.95 0.06 
Figures given in parenthesis are standard errors. 
